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ABSTRACT .

| The thes1s dea]s w1th f1n1te e]ement ana]ys1é d#
’ deformat1ons and stresses dur1ng constrbctwons of earth dams
'Mlca dam in Br1tlsh Co]umb1a, Canada was. used as a prototype

.-model for the study Part1cu1ar attent1on was g1ven to

-1mportant geotechn1cal factors that 1nf1uence results of suoh

types of ana1y51s

Laboratory studies on stress stra1n behav1our, pore“

ot e
P
R

’.pressure response and dra1nage character1st1cs of co pacted

S showed '

i'a501ls were conducted under h1gh pressures The studt
"'that water content dens1ty and gradat1on of the matel1a1

“have cons1derab1e effects on the1r behaV1our " Under the hlgh f
pressures used 1t was observed the degree of Qra1n breakage
of the core mater1a1 was re]at1ve1y sma]] :

The 1mportance of’ cons1der1ng stress path dependency

of stress stra1n behav“/yr of so1l 1n deformat1on analy51s o

IO

- ffdeformat1on$

'713;cross an1sotrop1c behaV1our~ofcompacted so11 Compar1son of

CTis d1scussed Ana]ysis w1th e]ast1c modu]1 der1ved from

'”_{convent1ona1 tr1ax1a1 test data overest1mated the f1e1d |
ideformat1ons Stress path'followed 1n oedometer test descrvbed
‘fc]ose]y the f1e]d cond1t1on 1n M1ca Dam as 1nd1cated by the 5;5

ﬁ"gclose agreement between anal t1ca1 solutions and measured

In add1t1on to two parameters used 1n 1sotropy theory,

‘ 7{three more e]ast1c parameters are requ1red to descr1be the

_i
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analyses with. 1sotr0p1c and an1sotro§ic e]ast1c parameters
q_showed that the ca]cuVated deformat1ons for a mode] dam d1d
not differ great]y It was 1nd1cated that the 1sotrop1c theory
‘can be used sat1sfactor1]y in deformat1on ana]ys1s for the
'range of an1sotrop1c propert1es ekpected in compacted 5011
The 1nf]uence :ixrelat1ve stlifness between core and
,shells on the core settlement was stud1ed ~ The 1mportant
__dro]e p]ayed by Toad transfer ine nonhomogeneous dams was
n1nd1cated. Unfavourab]e 1ow stresses in the core as the.
result of s1gn1f1cant load trans;er between soft core and
'st1ff Shells were d1scussed S1gn1f1cant d1fferences cou]d
'”fresult between'ﬁhe pore pressure ana]yses with and w1thout
"cons1der1ng ]oad transfenﬁln nonhomogeneous dam T

Y

. Pore pressures 1n the core part1a11y d1ss1pated dur1ng"A

constructlon of- earth dams._ Procedures for ana]yzing construct o
i1on deformat1ons 1nc1ud1ng those asSoc1ated w1th pore pre&sure S
:h d1ss1pat1on .were deve]oped The usefulness of the proceduresfft
ftj1n pradt1ce was tested by ana]yzyng the deformat1ons in :

)M1ca Dam.‘ Reasonably good agreement was obta1ne1 between'{;f

ana]yt1ca1 resu}ts and observed behaV1our ,]ry/‘f';wf“ .
e -’(“f i S *'Qf*“wv L )
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- CHAPTER I

A

.INTRODUCTION .

1 1, .The Need for Pred1ct1ng -h‘ft B | p;f;;;é; o
{‘Deformat1onsv o IR : ”‘\QI S

In the app11cat1on of so11 mechan1cs, a d1st1nctton
- "15 commonly made between deformat1on problems d fa1]ure E
.problems t Deformat1on problems are those requ1ring the -:
t~¥ computat1on of the d1sp1acemehts wh1ch the 5011 mass w111 ;:;E?“”
exhibit under a g1ven Toad. 'In the case of fa1]ure ;”Let'H o
n:,d.problems, atteptwon 1s d1rected pr1mar11{ to.the}ultimate
'VShear fa1]ure of the so11 ‘ggdmf flf:ﬂ”i;;:fdﬁ.ffufﬂ}tf?:J
h | In the past,,most so11 bod1es or 5011 structures w1th
"tmfcomplex 1nteract1ons have been des1gned against fa11ure} h. |
ivtw1thout know1ng the comp]ex constitutive relatwonshlps of the 5
'h:fso11 the geotechn1ca1 eng1neer can conven1ently penform :
f11m1t equ111br1um ana]yses and obtaln a factor ot safety f}f,igf;?
'flfi?)nh1ch w111 ensure that on1y §ome fract1on of the avai]ab]e
“:’shear strength 1s mob111zed ? Wh1he the con51derat1on of
d1sp1acements 1s exc]uded from the 11m1t equ111br1um analys1s;'dh€:
the deformat1ons are stil] contf\jﬂed emp1r1ca1]ylby the g

factor bf safety (Morgenstern, 1968)

s

The d1st1nct1on between deformation prob]ems and
fa11ure prob]ems 1s actua]]y art1f1c1a1 The maJor a1m of

a]] des1gn calcu]atlons 1s essent1a11y the 1im1tat1on or

contro] of the d1sp]acements of the so1] mass The most

) CO
. -



" rat1ona] approach to the des1gn wou]d be based upon
d1sp1acements s1nce e1thertjoca1 or OVerall d1sp1acements'p-'
:. 11m1t the ut111ty of an eng1neer1ng structure Moreover;':

) d1splacements can. be measured d1rect1y 1n the/f1e1d The-

contro] and measurement of stresses may be regarded as an"

~ A

1nd1rect approach to the d1sp1acements and fa11ure may bei
cons1dered as an extreme d15placement cond1t10n _ |
Before des1gn cr1ter1a, in: terms of aliowab]e d1s-':'
placements and re]ated stresses, can be deve]oped fpr a *‘.
var1ety of. probhmm a better understand1ng of genera] stress-

stra1n behaV1or of so1ls 1s necessary

-T,ZU S1gn1f1cance of the Study 1{'j' | e |
'»g}tff; ; W1th the 1ncrea51ng w1despread acceptance and S
| adaptatwon of rockf111 concepts,a greater degree of d1vers1f1;39;f7
';cat1on developed 1n des1gn and construct1on pract1ces of dams fj*nV

The type of materlals that compr1se the core sect1ons of waterfi

reta1n1ng embankments a]so vary w1th1n W1de 11m1ts As a

consequence of th1s the phys1ca1 propérties of the mater1a1

1nc1uded 1n the zones of an embankment may varytw1de1y from;

one dam tb another The d1fferences 1n thgaﬁh"
a5

*fjpropert1es of mater1als placed 1n var1ous gams"snd 1n the

1ncreas1ng need to 1mprove our under‘;and1n9 Ofathe behavLor .7[f§i
s Of dams The effect on the behav16r of differences in the
stress stra1n relat1onsh1ps mcluding comvessibﬂity properties °f1:'?"':1

~L\~5.;vs.c'-cj'=ﬁf R



_the mater1als in an embankment are of partlcu1ar concern

D1fferent stress strain propert1es of var1ous mater1als

',1n an embankment -1n add1t1on to other factors, may resu]t

in re]at1ve d1sp1acements and ina transfer of ]oad fnom
:one mater1a1 to- another or from one locat1on to another
}fThe oépurrence and effects of load transfer,need to be
understood not on]y for deswgn, but a]so for an evaluat1on'
'}of the behaV1our of the embankment dur1ng cr1t1ca] _}_.
’ticonstruct1on per1ods Advancement 1n our understandlng of
v';the factors wh1ch 1nf1uence the behaV1our of embankments can’“’
"only be made f:om an analys1s and 1nterpretation of data |
hfobtawned from 1nstruments 1nsta11ed 1n dams o |

'Tﬁ3' P0551b1e ConsequeLces of - Deformat1on
e wn Earth and Rockf111 Dams ‘

Sherard et a] (]963) have summarvzed some of the h;';:{:-f'
1maJor courses wh1ch 1ead to the fallure or damage of ﬁ dam,jne;.-lﬂ*
<_kamong wh1ch crack1ng has been cons1dered as 1mportant | h”75kﬂﬁfuqff

;“CraCklng of several earth and rockf1]] dams and 1n some ?f“

'-".f*5cases,'subsequent fa11ures caused by eroslon of soi] throughffff'

; *;ithe cracks have been reported 1n the ]1terature (Marsal and

'1:13Ram1rez, 1967, Patrlck ]967, Pope-4967 Gordon\ nd Dugu1d

.""'1970) The development of most type of/racks /15 the reS“1t~»w.

”«f‘;of excess1Ve deformat1on or d1fferent1a1 settlement\yh1ch

‘“fn ockfilT dam& mater1a]s of d1fferent compress1b11ity;have

"tccurred in the dam , Because of the nature of earth and

1fbeen used w1th1n the dam As a resu]t, the problems due to




-
dﬁfferentiaI,settTementare.pronounced.'.Detat]ed:studies,haue
" been done by: Covarrubias (119‘69»),-Lowe '(1:-970‘)f'ana-' k’r-i»s;hhayya
(1973(5)) hence no atﬁbmpt w11} be made in th1s thes1s to '
o c1a551fy cracks 1n earth and rockf111 dams £§ ' ‘. .

' ~In order to 1llustrate the close corre]atlon between
'deformatxon and crack1ng, the format1on of certa1n‘types of p
rcratks are brlef]y descr1bed as fo]]ows | ‘ |
| i{(a)e TranSVerse cracks are caused by d1fferent1a]
nsett]emaw between adJacent 1engths of the embankment

o psually between the port1on located at the abutment and the;

\

k,fport1on in the centr% of the va]]ey The worSt cracklng V¢Z:i‘g;f

\7deve10ps when the foundat1on under the h1§her port1ons 1s

“ @ompress1b]e and the abutments conS1st of steep and relatlvely, o
1ncompress1b1e rock | ?j“[hi7h,;t‘"rfijfﬁf,ih,; i 3Ufh”fflgr¥'4
| N(b) Long1tud1na1 cracks are genera]]y produced byrb .
two types of d1fferent1a1 movement In dams w1th ro]led-nt‘ef;ﬂf:a

Jfrt earth _utoffs wh1ch are much 1ess compress1b1e than the

’dli,natu a] foundat1on 5011 under]ylng the 510pes, 1ong1tud1na1 i.//',
- crfck1ng may be caused by the tendency of the s]opes to s
shtt]e more than the crest Dams w1th central cores of
/rolled earth and upstream and dOWnstream she]]s of dumped
| quarr1ed rock frequedt]y deve]op cracks near the crest
i;//# at the Junct1on between the core and the dumped rock secttonsff:?ﬁj

f? because the rock shells cont1nue to compress apprec1ab1y

‘ after construct1on wh11e the ro]]ed core does not

"nf( ) Int%rlor cracks may occur 1n dams w1th narrow




"

as follows:

vert1ca1 central cores of compress1b1e 1mperv1ous mater1a1

Dyring construct1on the core tends to compress more under
~the we1ght of ‘the over1y1ng f1]] than the shells do, SO

. that a part of the. we1ght of the core is transferred to the

she]]s by shear stresses and arch1ng w1th1n the core,'
‘ /

"vert1ca1 stresses on. hornzontal planes: at varmous e1evat1ons
‘may bé very Tow. Th1s arch1ng effect comb1ned with var1ab1e‘v"- 3
shear strengths developing on the vertical’ p]anegﬁseparat1ng ;1_

B _the core and shells, can conce1vab1y result 1n hor1zonta1

o
cracks in the core. :

e T,d' Modes of Deformat1ons 1n Earth and

Rockf11] Dams "_;;Q_~_..-.n.‘, R ffllf{;.;:

Lowe (1972) and W1lson (1973) have descr1bed modesva"

uof deformat1ons wh1ch are of 1nterest to eng1neers 'ﬁfdrff«r.:f‘v

sl'comp]eteness the modes of deform?t1ons are further c]ass1f1ed

V(a)’ C1a551f1cat1on based on d1rect1on'

_(.) Vert1ca1 deformat1on -L;{ij,t‘;,,.ft
(11) Upstream downstream movement (m5reméﬁt;:gfi¥*=:ff
| d\fl-ﬁjlj,[; ,f]:¢ normal to the dam ax1s) :t. :.%v' '
.._5; 1}1.,(,n ) Cross va]]ey deformatlon (defo;mét1on -
a. ’ ac para11e1 to the dam ax1s) | [
'h-’Cb) .Class1f1cat1on based on ]oad1ng Cond1t1on ?;:iiifﬁkﬁ”

xl;;(i)" Deformatlon under compacted we1ght of

‘Lﬂ.f!

embankment mater1a1s (ma1n1y dur1ng

T 5$§ 5Qf' construct1on)



L . . »i"__" .k_. o _.6,

(2 Creep under'constant load ~ . '.\ o B

——
(O8]

. N ,
(4 ’Deformat1on under effect of saturat1bn '

)
) 'Deformatlon under water 1oad of reserv01r
)
) vDeformat1on|wnder napld drawdown |
In the 1nvest1gat1on that forms the bas1s of th1s;
: thes1s only deformat1ons dur1ng construct1on have been |

-'cons1dered.

1.5 Br1ef Réview of Previous
) Stud1es'; :

HER Vs

'? Gou]d-(]953) summar1zed the compress1b1}1ty dur1ng
- construct1on of the 1mperv1ous sect10ns of more than 20 -.“ o
large earth dams 1n the western Un1ted States He noted

o that for stresses be]ow a va]ue of apprOX1mate1y 100 ps1,h'

'jthe compact1on water content had the greatest 1nf1uence on o

"'sﬁabout 100 psx, he observed that the compress1b1]1ty was

‘-afﬁfand Was governed by the gradat1on and p]ast1c1ty of the @?

+

'Acompre551b111ty, Embankments constrUCted w1th relat1ve1y ]g

{low average water contents showed fow 1n1t1a1 stra1ns 1n the

g compress1on curves wh1]e those constructed w1th a water

~cohtent at or above standard Proctor opt1mum were character1zed i*j

~

‘13b¥ h1gh 1n1t1a] stra1ns However, for pressures exceed1ng
d“more or’ ]éss 1ndependent of the compaction water content

;‘embankment so11 As seen 1n Tab]e 1 3 the embankments can

3‘be grouped rough]y accord1ng to the1r so11 propert1es 1n
’ /

j creas1ng<@ompress1b1lqty As part of h1s‘




observations, Goqu a]so concluded that the compression
in the central portions of the dam, where the measurlng

devices were 1nsta1]ed took place essent1a]ly in a vert1ca]

'd1rect1on, as though the mater1a1 had comp]ete 1atera1

restra1nt, Khile th1s study gave much va]uab1e 1nformat1on,

i it revea]ed Tittle about the 1nf1uence of the type and

N

1ntens1ty of the compact1ve effort on compress1b1]1ty of
the embankment |

Nonve111er and Anagnosti (t961) proposed a p]ast1c

equilibrium anaJys1s to study the stresses and deformatlons. o

1n a narrow c]ay core supported by ]ess compress1b1e rockf111

' she]]s The ana]ys1s d1sregards the stresses and deformat1ons

ex1st1ng under elast;c equ1]1br1um cond1t10ns, and -hence it

1s ]ess su1tab]e for use 1n 1nvest1gat3ng dam behav1our under
work1ng loads

Goodman and Brown (1963) were the f1r&t to cons1der

"the d1fferences between 1ncrementa1 construct1on and

.-1

1nstantaneous 1oad1ng in the stress - ana]ys1s of embankments

B

-.They d]d not, however, eva]uate the deformat1ons of ‘the

r

system in the1r ana]ysvs

C]ough and woodward (1967) used the f1n1te e]ement

-method to. do a comprehen51ve stu;;fq’ the dlfferences between

sw1tch on gravity" and‘ﬁsequenc éna]yses A standard

’embankment was ana]yzed by cons1der1ng 1t to be constructed
‘f1n a single. ]lft or. in 10 11fts They fdund the s1ng]e step

'analys1s glves a sat1sfactory approx1mat1on to the stresses 'f'

- , S _ SR
el . . - . : : ot N
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in most'respects, but the diSp]acements were found to be
qu1te strong]y affected by the construct1on process - The

¥

hor1zonta1 d1sp]aoement resu]ts were s1m11ar in both cases,

- but the vert1ca1 d1sp1acements for the two cases demanstrate
ent1re]y d1fferent deformation mechan1sms ! The stng]e 1ift
vertical d1sp1acements were seen to be. ]argest at the top, .
due to the fact that these were mere1y the 1ntegrated stralns}
deVe]oped\bver the fu]} he]ght On. the-other hand,: the -
1ncrementa] ana]ys1s showed .zero vert1ca1 d1sp1acement at the
top and the max1mum vert1ca1 !ﬁsp]acements at m1dhe1ght
C]ough_and WOodward‘concluded that d1sp1acements to be <5

'expected during the~construction’of‘an embankment can be
pred1cted only 1f the ana]ys1s 15 carr1ed .out sequent1a11y
fo]]ow1ng the construct1on h1story : In the1r ana]ys1s,
they d1d not cons1der POPe pressure effects

Squier (1957) undertook a comprehen51ve study of

'fdeformatjons~measUred in four rockf111 and earth damse “He{

-noticéd:that_the mOVements 1n the c0re were 1nf1uenced byf
Toad tranSfer' Var1ous modes of 1oad transfer (F1g T;T)
may ex1st 1n an embankment as a resu]t of a reIat1ve AH:
d1sp1acement between the core and th shel]s~ In the dams
of h1s study,.]oad transfer occurredipr1mar11y from the core

':'--to the rock she1]s durlng and after constructlon, but pr1or

to reservo1r storage | Dunfng reservo1r storage, because |

of saturat1on and d}sp]acement of the upstream shell 1oad

':\'5 transfer occurred from the she]l to the core



o 'Ku]hawy et al. (]969) emp]oyed nonlinear, stress~
d1sp1acement, stress stra1n re]at1onsh1ps for the tangent
modu]us and tangent Po1sson s‘rat1o of embankment materials
to study the performance of earth and rockf11]ldams The'
:stress stra1n parameters requ1red were def%rm1ned from the
results of ]aboratory tr1ax1a1 tests w1th volume change
measurements The)effect1veness of the procedure was checked
_aga1nst the measurements in Otter Brook Dam dur1ng construct-
ion and the observed and calculated movements were found to be'
‘_1n good agreement Since the stress stra1n behav1or of so11
.,1s also path dependent, this approach may not be used forl
‘stress paths dev1at1ng s1gn1f1cant1y from the convent1ona1
tr1ax1a1 stre&s path ' | o | |

Penman, et a] (1971) performed f1n1te e]ement
~analyses to predjct the deformatwons 1n Scammonden Dam dur1ng
;construct1on In thelr ana1ys1s, they emp]oyed constant f"' -
’1'va]ues of Young s modulus and P01sson s rat1o These va]ues.
were der1ved from the resu]ts of one dlmens1onal compre551on

‘ tests on the embankment mater1a1 Desp1te the 51mp11f1cat1on

‘%of non11near behaV10ur of the mater1a], the method gave yF”

\{fa1r1y good agreement between the ca]culated va]ues of .;feﬁf':::

:settlement and hor1zonta1 movement and those measured dur1ng
‘construct1on 2 ‘ ."_ _‘.‘ o : | B

_ w1lson (]973)-rev1ewed the performances of several
:;earth and rockf111 dams and reported that the compress1b1]1tyff

dof a rockf11l 1ncreases as the un:form1ty and average s1ze of
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the rock-inCreases,band ascthe quality of the-rock'decreases
The compress1b111ty of dumped rockf1]1 is greater than that
of compacted rockf11] He suggested 1n order to m1n1m1ze;
-the sett]ement dur1ng and after constructton, the shel]s
“of a dam shou]d be constructed-of we]]lgraded unweathered
hard rock or of sand an gravel The f111 should be Spread
in 1ayers, watered or sluiced, and we1] comdacted

) Lefebvre et al. (1973) 1nvest1gated the accuracy
W1th wh1ch two- d1mens1ona1 anaTyses mgy be used to study
-stresses and movements 1n dams in V shaped va11eys By' |
compar1ng the resu]ts of two d1mens1ona1 analyses and |
of three d1mens1ona1 analyses of hypothet1ca1 dams 1n

val]eys w1th three d1fferent va]]y wa]] s]opesrthey conc]uded'

: that for dams 1n va]]eys w1th va]]ey wa]ls 1nc11ned at 3 1

- Lor. f]atter,.p1ane stra1n ana]yses of the max1mum transverse

sect1on w11] prov1de reasonably accurate resu]ts for both

stresses and d1sp1acments "f‘

1.6 Purposes of ‘the: Present
' Invest1gat10n : -

A br1ef rev1ew of prev1ous stud1es 1n sect1on 1 5

";has 1ndrcated that a comp]ete]y satlsfaetory procedure to

deal W1th deformatlon prob]ems 1n earth dams 1s not yet .
A_<ava11ab1e S1ncea need for certa1n 1mprovements lS obv1ous,l;t

; ,the present 1nvest1gat1on was undertaken with the fo]]ow1ng

. “d-}obJect1ves e




) _j-_ o .1 o
}‘(I) 'To'investipate Taboratory procedures'to-. |
determine the stress stra1n reIat1onsh1ps of so1Is wh1ch w0u1d
S1mu1ate field cond1t1ons and wh1ch wouId be appItcabIe in. ‘
fdes1gn pract1ce ‘ o p ’ o
A '(2) To- perform anaIyt1ca1 stud1es that contr1bute
',to an understand1ng of the 1nf1uence of var1ous factors on
' deformat1ons and stresses in dams and to ver1fy such stud1es‘
. u51ng the. data’ derﬂved from the observatton of a reaI dam
| '(3): To deve]op a procedure for a more reasonab]e
‘_pred1ct1on-og the deformat1ons 1n earth dams dur1ng o

‘-construct1on ‘,;A.;' .

: . , .'.‘ .
1.7 0utI1ne of the Thesds :1-

The the51s 15 organized 1n f0110w1ng sequence
Chapter II descrtbes the Iaboratory stud1es on the

' 'stress stra1n behav1our of sowIs Invest1gat1ons of the f“

- p1nf1uence of water content, dens1ty (reIat1ve to the method

of compact1on), gradat1on :and max1mum gra1n size 0n the &w_ga Sl

:compress1b111ty of M1ca T1II are d1scussed Compress1b111ty : S

’

,'-"and dra1nage charactertsttcs of the Mlca T1II under h1gh

fpressures are reported Procedures for obta1n1ng eIastic

Afmodu11 from oedometer and 1sotropic Compress1on tests are'tf;;V'l'

e CE

ﬂproposed _ |
i Chapter III descr1bes the parametrlc stud1es carried

'~f,out to 1nvest1gate the reIattonsh1p between reIat1ve magnitude

'“lf»nof core and sheII modu11 and the degree of Ioad transfer

';?D’ni; '*



i‘y“

-"The d1fferences in. deformat1on and stress resu]ts obta1ned

i

from ana]yses ‘with and w1thout cons1der1ng an1sotr0p1c
propert1es of«embankment mater1als are examined

Chapter IV descr1bes a procedure deve]oped for hp~

'1”ana1yz1ng the deformat1ons in . earth dams durtng construct1on,"

The 1nf1uences of the pore pressure d1ss1pat1on on deformat1ons

“are con31dered 1n the procedure through ca]cu]ated effect1ve-

(
<f

: stress changes -"“ '~;ﬂ-: : ‘; u;_Off«

-~

’ Chapter V 111ustrates the appllcab111ty oF the ;j{.»

procedure deve]oped 1n Chapter IV 1n pract1ce Th1s 1s done f

» by ver1fy1ng 1t aga1nst the case h1story of a prototype i

mode1 jnamely M1ca Dam

In Chapter VI the conc1u51ons from Qhe 1nvest1gattons[ﬂéx-

are. made..~“- e af"7)*%j7'_*',¥ ¢;_j:;i”“"’
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CHAPTER 11

LABORATORY STUDIES ON STRESS STRAIN
BEHAVIOR OF SOILS

2.1 lIntroduction

In an analys1s of the deformat1on Of a. 5011

structure, the most relevant mater1a] property to be def1ned':[-m“

t1s the stress stra1n behav1or of the so11 The f1n1teb:fwh"
i,element method 1ntroduced to geotechn1ca1 englneer1ng 1n

' jabout 1966 has prov1ded the geotechn1ca] eng1neer w1th

- a powerful ana]yt1ca] too] to so]ve var1ous deformat1on

| '_prob]ems 1nvo]v1ng compTex boundary cond1t1ons and mater1a1

.hnon homogene1ty However, the accuracy of pred1ct1ng 5011

afﬂdeforhatlons w1th the f1n1te element method depends ma1n1y

ST

’flon how accurately the const1tut1ve relat1onsh1ps for the SOllb-“-f.';v'..“'?j

Athnvolved 1s mode11ed In their state of the art reports ?ijf'ﬁl”

{Desal (1972): Duncan (1972) and Eisenste1n (1974) repeatedly S

. *Jemphas1zed th1s po1nt

As a resu]t of the part1cu1ate nature of the skeletonif;ﬁ};

'.fjof a 50113 the stress stra1n behav1or 1s much more comp]ex

’e"*tand po]ymers The amount Of stra1n caused by stress

'i'fso1] depends On the composit1oni

'Al,.hlstory of 1oad1ng Vo1ume changes a1u>take[ﬂace(:tfff*}f

s than those for man made eng1neer1ng mater1als, such s stee] Q;fffs
1” *-

'vo1d rat1o,,past stress

f%h1story Of the 5011, and the stress path fo11owed dur1n9,the.
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'toAfactors sUch as pure shearAand'rotation'of.principaiA
stress aXes' A?general constitutive-lan which canrt
descr1be or def1ne behav1or of. so11 under any p0551b1e
states of stress and deformat1on is very d1ff1cu1t to
.der1ve and is not yet ava11ab1e . “‘ | h
| | A]though a genera] const1tut1ve ]aw for so1ls'ts
- not. yet - ava1lab1e, var1ous const1tut1ve mode]s have been
": proposed by a number of authors Some of these models are
.brref1y<rev1ewed»1n-th1s chapter _ There are general]y two
"d1fferent approaches used 1n such mode]s (T) ut111z1ng '1:
‘on]y e]ast1c theory (2) ut1]1z1ng p]ast1c theory In the
elast1c models, attempts are made ma1n1y to account for t \yi
1 0 : s

’non11near1ty observed between stress and strawn 1n so1ls

The mode]s wh1ch use the p]ast1c1ty approach have more

| var1at1ons wh1ch are based mawnly on the type of y1e1d .
. the txpe of flow ru]e It s, 1nteresting tov
ihe maJorlty of these approaches emp?oy some form :dfi
ésal curve f1tt1ng process In non11near elast1c |
qurve f1tt1ng 1s used to simu]ate the stress stra1n ;71b!ﬁ
fso that st1ffness parameters may be 5%termined at any PR
'evei In p}ast1c1ty mode]s a flow ru]e is usual]y | 2
] ;ved by a curve f1tt1ng techmque (Audlbert, 1972) Because Of
tyyr*:l':} ;rve1ﬁtt1ng mwmessand path dependent nature of stress-vf:iiicﬁﬁi
riJstrann‘response of soi]s,uthe accuracy of descr1b1ng the- :
'df deformat1od behavaour of soi] structure w1th these models,;..:'_’__..v“‘'-v'}:"”f‘**f:~

1n part1cu1ar,.non11near e]ast1c mode]s 1s‘h1gh1y dependent fﬁfiﬂj”
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‘on how close the laboratory test s1mu1ates the fie]d s1tuat1on:
W1th the cons1derat1on of preV1ous comments, the oedometer
fcompress1on test was used to study the stress stra1n
‘response of Mica T11] in th1s 1nvest1gat1on o
hlIt is thought ‘that 1oad1ng cond1t1ons dn the core of ‘d 'lQ
\ M1ca Dam dur1ng construct1on fo]lowed a K (no 1atera] stra1n)r3
path to -a ]arge extent .

: A]though a few p]ast1c1ty mode]s (Roscoe and .
Burtand, 1968) have been demonstrated that adequate]y s1mu]ate
'tcerta1n c]asses of so11 behav1or observed 1n laboratory tests,“
';ono compar1son ha's been made w1th fteld observat1ons 1n dams

The proof of the adequacy of non]1near e]astlc approaches;d

"has come from the successfu] use of these mode]s 1n analyses

of observed f1e1d behaV1or «ulhawy and Duncan, 1970, 2‘fvf’vj:;7.7x

~MEtsenste1n et al. 1972 Nobar1 and Duncan, 1972) : In V1ew

| "of th1s,'a nonltnear e]astlc model (or 1ncrementa] e]ast1c'ﬂ;”,ffﬁ'

5mode1) 1s used to descr1be the so11 behav1or 1n this study
DR - _.»__,\;-;‘:_f.____.waaf \ : -

'EV‘?Z 2 Brjef Revaew of Constitutlve

Mode]s

Desa1 (]972) and Duncan (1972) have rev1ewed Jar1ous

‘afu*const1tut1ve modets proposed for so1}s In thls sect1on,

M~

an attempt 1émade to d1scuss br1ef]y some 1mportant aspects

o of severa] mode]s, such as the number of parameters needed

f,:[to def1ne the mode] and the advantages and ]1m1tat1ons of

':""t“e mOdE‘ e f})f*";”-;»arifvizﬁ;isw




"*,'two cases c'};lji:hdsfﬁfj:”'°
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Linear e]astic_mOdﬁls..-OnlythO‘elastic pafamete;s,,
fvtz hYoung's modulus and Poisson's ratto or bulk modUﬁus"
and shear modu]usq'are needed to’ describe the stress stra1n
b~_response of a mater1a1 The advantage of the model
',s1mp11c1ty of. app11Cat1on However, becaUSe the stress-.
,stra1n response of 5011 is strong]y affected by the state of
<¢stresses and stra1ns, 1t is rather d1ff1cu1t to determ1ne -
'yappropr1ate constant va]ues for the e]asttc parameters
‘Desp1te th1s 11m1tat1on, an 1nterest1ng pract1ca1 use of :
_the 11near e]astTe’model has been demonstrated by Penman et

al., (1971) Co]e and Bur]and (]972) and S1mmons (1974)..

Incrementa1 e]ast1c models us1ng Young s or shear

;modu]us and P01sson s: ratio ‘ In these mode]s, the ]oadlng

¢ (-3‘ .

bsequence 1s broken 1nto sma]] §teps. and for each 1oad 1n—
'crement, a 11near e1ast1c\const1tut1ve 1aw s emp]oyed Théj;
e]ast1c MOdulus 1s calcuiated by determ1n1ng a tangent to. -
a stress stra1n curve for a g1ven stress 1eve1 Polsson,s’f;'
':'rat1o may be var1ed as weH 'v;,':“_kj;;f;;)rg‘," NRE

| The ma1n ach1eVement of these models 1s the c]ose

“i 51mu1at1on of the non11near stress stra1n response of a 5011‘
fﬁéThe d1sadvantages are that d11atancy and stratn softenlng be-izi
Hl}hav1our cannot be mode]led ,s1hce these wou]d requ1re ége of a
‘f?P01sson 3 rat1o greater than 0 5 and a negat1ve modu]us

;f-respect1ve1y Elast1c theory 1s s1mp]y 1nva11d for these ;:fjf;v”'”




. . | 2
In the app}1cat1on of the technlque Just descr1bed
severa] forms of representat1on of stress—stra1n.cprves were

emp]oyed These.are described briefly as follows:

(a) B1]1near Representat1on
The actual stress stra1n curve of a so11 is

represented by two stra1ght 11nes The 5011 has a re]atlve]y'-'

"large va}ue of Young s modu]us before fa11ure, and a-

. re]at1ve1y small va]ue (c]ose to zero) after fai]ure Th1s

form of representat1on has been used in seVera} f1n1te
e]ement analyses (e. g Dun]op, et al 1968 Dun]op and Duncan,v
1970' D Appalon1a and Lambe, 1970 Palmer and Kenney, 1971)

The 1gsadvantage of this procedufe “ds that the stressesf1n

- "U

‘some soil elements 1neV1tab1y are found to exg/ed the -

ass1gned strength,va]ues before the ya]ue of thefmodulus.is
reduced. | | - “

(b) Hyperbo]1c Funct1on
Representat1on

The non11near stress straln curve of 5011

represented by a hyperbo]a approach1ng a stra1ght asymptote

.'Th1s hyperbol1c representat1on was proposed by Konder and

his co workers (Konder,1963 Konderand Ze]asﬁo 1963) and

. . ,
' .subsequently used 1n f1n1te e]ement ana]yses by gevera]

lresearchers (e dg. Kulhawy et al:, 1969 Duncan and Chang, -

';J970, C]ough and Dunoan, 1971) ‘ In the procedure, the va]ue jyih;

+

~_'of Young 5 modu]us for a given sté%§s level 1s def1ned as a’

tangent to the. correspohd1ng hyperbol1c curve In anaIySestf-.,,

: “
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ﬁslng thts'modeﬂj the effects of conf1n1ng pressure on the
stress-strain-behaV1or are also 1ntroduced The effects are J_
represented by us1ng emp1r1ca1 equat1ons to express the
‘varnat1ons of hyperbo]1c parameters w1th conf1n1ng pressure s
(Duncan and Chang, .1970). | | |

In th1s model, tangent Po1sson S rat1o vary1ng ;

w1th the stress 1eve1 was somet1mes 1ntroduced By app]ylng
a s1m11ar formulat1on procedure as for Young S modu]us to
A,the vo]ume change data from trlax1al tests,_Kulhawy et a]
:(1969) had used vary1ng tangent P01sson s rat1o ‘values jn'
their ana]yses [ - R ”1,”'f' ?/» |

| A tota] of - elght parameters is‘needed'to'deSCribe. -
fcomp]ete]y the var1at1ons of tangent Young s modu1us and |

tangent P01sson S rat1o. These can al] be determ1ned from Q"

convent10na1 tr1ax1al' tests w1th volume change measurements

The advantages of the mode] are the non11near stress—h.:a:

. stra1n behav1our of s0i1-is. approximated better than w1th
vb111near representat1on, and the var1at1ons of tangent
,P01sson s rat1o w1th the stress level may be 1ncorporated
1nto the ana]ys1s The 11m1tat1on of the mode] SEY that 1t
:~1s str1ct1y va11d for 1oad1ng\cond1t1ons s1m11ar to that 1n
':convent1ona] tr1ax1a1 tests and thus a more general path

dependency of the stress stra1n curve may not be resolved

'w1th th1s mode]



‘(c) Spline Function R
~ Representation =~ - .

A spline function‘was proposed'bysDesai (1971) for'
"usefin:representing‘the nontinear-Stress—strain curve, ofﬂ

soil in finite element analyses The non11near tangent |
‘»,Young S modu]us and Po1sson s ratio were ca]cu]ated as the ' Q
f1rst der1vat1ves of_the»bncub1c sp11nes whwch~descr1bed |
,.thelconventional triax1a1 test data w1th volume change

: _measurements (Desa1 and Abe] 1972) wm1e th1s mode] has the
same>11m1tat1on as. the'hyperbol1c fUnct1on mode]l ;1t exh1b1ts
the advantage of be1ng ab]e “to represent the- actua] exper1menta1

".'data to any des1red degree of accuracy

- (d) Digital Representatlon

In the d1g1ta1 representat1on, a number of c]ose]y S

' ~‘spaced po1nts on an exper1menta]]y obta1ned stress stra1n

I

curVe are g1ven as. 1nput The modu]us, wh1ch 15 ca]culated_»i

R by cons1der1ng two adJacent po1nts (chord s]ope); approx1mates

"’;the tangent modu]uss-;Kr1shnayya (1973( )) emp]oyed th1s

o . procedure’to-represent »triaxia1 test resu]ts, and hence to ,'

:determ1ne the non11near shear modu]us and Po1sson s rat1o

used in’ the ana]ys1s of crack1ng of earth dams _‘ '»
- The advantage of the procedure 1s that no approx1-ﬁ
.matwon is 1nv01ved 1n represent1ng the actual stress stra1n,1;"‘

drre]at1onsh1p Moreover, 1f the test data are expressed 1n'_j£l**

| we'1nvar1ant forms for the der1ved modu11 (Kr1shnayya,

o 1973(_)) the procedure may be used for var1ous tests g



Ny
(e.g. plane strain test, donstant stress ratio triaxial.
‘test)‘with-stress paths other than'theACOnventfonaT triaxial

/

stress path The d1sadvantage of the procedure 1s that 1tj

1nvo]Ves greater computatlonal effort than fUnctTOn represent—

at1on methods
. F'~'

’Incremental eTasttc models us1ng,bu1k modulus and

E shear modulus -The stress stra1n response system ina so1T

| mass, 1dea11zed as an eTast1c body, can. generaT]y be separated

1nto two d1st1nct components, name]y, vo]umetr1c and dev1ator1c';“..’

‘The vo]umetr1c stress and stralns,_and dev1ator1c stress and

3

',stra1n are un1que]y reTated by bu]k modu]us and shear modu]us;f

respect1ve1y The use of bulk moduTus (K) and shear modu]us

T'_TG) has the a&#éntage over. the use of Young s m0dU]US:(-) and

*hPo1sson S rat10'(v) 1s that the d1st1nct behav1our of these two -

2 components can be more appropr1ate1y characterTZed ThTs

“advantage is Jven cTearer 1n descr1b1ng the 5011 behav1our after“v lf

'ﬂfa11ure‘ The reduct1on 1n shear res1stance w1th reTat1vely

‘no change in compres31b1l1ty behaVToUr can be conven1ent1y

\

T:_fdescr1bed by a- Tow shear modu]us and a constant bu]k moduTus

:“uHowever, for the mode] us1ng E and v, 1f the vaTue of E is

'redUCed to represent the so11 behavaour after fallure wh11e f.'7
e

) ~the va]ue of v is- ma1nta1ned constant the compre551b111ty of f;,ff'

' ‘the so1l 15 1nev1tab1y overestimated The mode]s ut111z1ng

“nbu]k and shear modu11 had been emp]oyed by C]ough and woodward
| f(1967) and G1r1Java]1abhan and Mehta (1969) 1n the1r f1n1te

-_element ana]yses,-and by Morgenstern and TamuTy Phukan (1969)
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,1n the study of stress stra1n behav1or of sandstone

| In the study of stress 1eve1 dependenc1es of bu]k'
"and shear modu11 of a sand Domaschuk and Wade " (1963) performed o
' the 1sotrop1c compress1on and pure shear'(const:nt mean : y‘
nnorma1 stress) tr1ax1a1 compress1on tests The same procedure‘f\
‘may be. usefu]}for obta1n1ng the parameters needed 1n current

3stress stra1n models The ]1m1tat1on 1s that constant mean‘ -

' norma] stress tr1ax1a1 compre551on tests are not so ea51ly

’»,'performed as convent1ona| trwax1a1 tests : Un]ess a: servo ;x"

control mechanwsm s 1ntroduced, cont1nuous attentlon 15 needed
: to ma1nta1n constant mean norna] stress by reduc1ng 03 (cell
epressure),and 1ncrea51ng o] dur1ng the test e o

| Audtbert(1972) d1d a comprehens1ve laboratory test(ng
' program to study the capab111ty of the bu]k modulus~- shear |
'fmodu1us mode] It was conc]uded that the mode] can adequate]y‘.r

\'descr1be the 5011 behav1our under a varwety of stress path

' ‘]oadtngs

R E]asto p]ast1c mode]s | In these mode]s;'generalfzed
ﬁHOOke S ]aW TS USed to descr1be the stress stratn re]at1on-"h'~-
1sh1p of so11 before y1e1d1ng After y1e1d1ng,i1t 1s assumed‘

..'that the so11 becomes perfectly p]astlc and the pr1nc1p1e:gf 'LH

T;Of norma11ty ho}ds In order to charaCtertze the behaViOUr

nyof a genera] type of 3011 1n whtch y1e1d1ng 1s affected

'by both dev1ator1c and vo]umetrlc components of stresses,:;yg‘fﬂﬁ“fk

":the extended Mohr Colu]omb fa11ure cr1ter1on postu]ated

L'. i ICEEFI .

l,ifby Drucker and Prager (1952) 1s usua]ly used



VThjs.yier,functhn takes tnehf0t10an§'fOrman;b' » 2
; g R T T S S
Proehedpx @y

| nnefe‘a;;kfare‘naterﬁal G%nstants; Ji.1s fwrst stress'd
‘:1nvar1ant and JD2 15 second 1nvar1ant of stress dev1at1on

| o The use. of th1s techn1que 1n two d1menswona]

_f1n1te e]ement analysts for excavat1ons in rock has been'v
1111ustrated by Reyes and Deere (1966) and Chang et a1 (1972);*ff3
' '.d The advantage of e]asto p1ast1c mode]s over models FR
‘1; rev1ewed prev1ous]y 1s better descrwpt1ons of the deformat1onf?:ﬂ

}’7behav1our after y1e1d1ng | However, as d1scussed bY Parvéga“{ff.at

"L,et a] (1970) because of dependence of yleld on the volumetr1c7“5f

o 1ncrease g

‘!

;component of stress and the app]1cat1on of the pr1nc%p1e LﬁftfeTThf

f::of norma11vy;.th mode]s are 11m1ted to those mater1als wh1ch‘,ff

'"e‘upon y1e1d1ng

". / oo

E]ast1c wo'k harden1ng p]ast1c mode]s _ These models 1hhff3

- were ma1n1y deve}dﬁed by Roscoe et a] (1958) and Roscoe and ,3;me,

*'h;gur1and (]968) as the resu1ts of comprehens1ve work at

"1Qﬁ5pCambr1dge Un1vers1ty in the area of COﬂStTtUt1Ve equatlons e

’Ifhfor anls As of thlS date,_the theortes suggested for

;' anrma1]y conso]1dated c]ays are more advanced than for

: f  "M0d]f]ed Cam C]ay“ nere presented for descr1b1ng the generali?

“”granular mater1als Two mode]s named "Cam c1ay"5'»&?5ﬁié7féiés€.§7

*jfstress stra1n behav10ur of norma]]y conso]1dated or s]19ht1¥

»;_;Toverconsol1dated<ﬂays which exh1b1t a decrease 1n vo]ume n ,”i}f{;ﬁ

! ﬁ,..a.



e:upon~the aﬁﬁ]icéfibn.bfvshear In the Cambrldge theory,: o
j'several assumpt1ons regard1ng the e]ast1c or: recoverab]e.
.behaV1our of c]ays are madz. F1rst the bu]k moduius of a
;5011 is assumed to vary llnearly w1th vo]umetr1c stress :
tSecond]y, Roscoe et al. (1958) assumed that the so1] 7

' h;r1g1d p]ast1c 1n shear Th1rd 1t 1s assumed that there 1s

»snever any recoverab]e energy assoc1ated w1th shear dlstort1on .'f

U,As a result, 1f the stress state of a 5011 sample 11es who]]y

fffw1th1n an elast1c reg1on the only straln that occurs 1s Vfl;f”;
?'volumetr1c ;hf&77.fif f'f,fff;;hdhlvf ff ;'7'.fﬂﬂ”ff¥.ﬁ'it'

By compar1ng these mode]s thh other elast1c1ty

'f‘yapproaches, 1t becomes c]ear that current procedures treat

'fimany of the facets of the const1tut1ve behav1our of so11

',‘F;more r1gorously However as far as 1s known,vonly Sm1th

Tand Kay (1971) have 1ntroduced these mode1s in f1nite element

‘-;formulat1ons and USed them to pred1ct the 5011 behaVIour 1n ﬁ;:f!{fﬁ

‘*r';a 1aboratory test w1th reasonable accuracy No examp]es are

'fhffava1]able that shows the use of these models for real earth ;ﬂ;lﬂf

‘;*ﬂhstructures The ab111ty of these models to descr1be the

'fhfso11 behav1our 1n fu]] sca]e structures is unknown at th1s

oy
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'3.223- Formuiat1ons of Stress Stra1n
I Behav1our L

The stra1ns exper1enced by an e]ement of so1] are

'the resu]t of stra1n w1th1n and re]at1ve mot1ons among the’ ‘
‘d}many part1c1es form1ng the e]ement Formu]at1ons of stress-.<i1~fe
7~stra1n behaV1our of a soi] element have often been based on an
'understandmg of the mec ha{nsm of partlculate system response to stress |
S1nce some prev1ous stud1es are cons1dered to be useful e

}texp];nn1ng the stress stra1n funct1on emp]oyed 1n present"‘
. ti1nvest1gat1ons they are rev1ewed 1n the fol]ow1ng paragraphs
_' Brandt (]955) stud1ed the behav1our of granu]ar Jvi
| ftmater1als under hydrostat1c stress by mode111ng the mater1als tf»;:f
:;'w1th varlous pack1ngs of spheres Hertz s contact theory

'.hwas cons1dered app11cab]e at each contact 1n these models.'g;yiihitﬁ

':*fThe theory (Ttmoshenko and Gomher,:1957) 1nd1cates that the

‘"centers of two perfect]y 11near elastic spheres 1n contact

."iffsu"der a normal force, N, w111 approach one another by an

o f""’famount AL gwen by . -;j'_ o _;ﬂ;}:;__ :". R

"ffﬁwhere R 1s radlus of spheres,.v 15 P01sson s rat1o and E

”7?'sls Young 5 modu]us of thecmaterlal compr1s1ng the spheres

‘;;“;hydrostat1c pressure Th1s re1at10nsh1p may be s1mp1y

A o [3 (1 -’ ) N]

E R*r (2i2) 00

‘s

The resulﬁ of us1ng th1s theory, was the formulation

'_jfof a proporttonal re]at1onsh1p between the vo]umetrio"strai

»l1n granu]ar,mater1a1 and the two thtrds power of the externa]

. -_\. .‘ R



th*i,fdeformat1ons between the sand gra1ns, 1ncreased 1855- o

N

expressed.as}‘ o
v S B

'whm%eAV/V 1s the vo]umetr1c stra1n, C 15 a constant re]ated:t,f"'
,cto the propqrtlon of the mater1a1 and P 1s the hydrostat1c e;iﬁv"
, pr‘essure ‘ |
. _ c Ko and scott (]967) performed hydrostat1c compre351on fdf:a
htests on Ottawa sand and studved the va11d1ty,a\ Hertz sL;fjivj.
‘tcontact theory They found the measured volumetr1c straTn, ;iﬂf;* o

3awh1ch was be11eved to be matn]y the result of contact

- .

'tl}rap1d1y than the two th1rds power funct]on It was explalned

"“7ftthat uns behav10ur occurred as a result ofthe 1ncreased

t{)as the stress was 1ncreased

‘hhnumber of contacts between gra1ns cont1nuous1y be1ng created ‘frtifﬂ

In a study regard1ng the e]ast1c behav1or of sand

'atﬂEl Sohby (1969) postulated that elastlc deformat1on of two

5»;ﬂ;e1ast1c bodaes 1n contact was genera]]y proport1ona1 to the'f"‘

2}c§hppl1ed force ra1sed to some p0wer ; The va]ue of ‘m lfﬂf.i;' ’

ﬁtfdepended ma1n1y on the rate of lncrease of the area of"“'

'ﬁcontact (51 SOhby, 1954) If the rate of 1ncrease of contact

w

.ri:farea was s1m1]ar to that of po1nt contact between two spheres,

'“;'m”}f Based on th1s postu]ate he expressed the axr

:fﬂ;iéééat 1n a mass of nony1e1d1ng and noncrushln

"lftpart1c1es of sand caused by a raise 1n ax1a1 pressure

,‘?aof't'q-*t"a“q?" o



A BRI (2,4‘)'-'
'Awhere Sa a is e]ast1c compres1b1]1ty factor 1n the ax1a1
‘,,d1rect1on and m lthhe average e]astwc power factor e Us1ngﬂlgt“"
*the same pr1n1cp1e as eq (2 4) for radwal e]astlc stra1ns,_”;r‘_rf
the e]ast1c volumetr1c stra1ns,'Ve;'under ax1a1 symmetry ,i ”
stress cond1t1ons was further der1ved as: r*;jf;,;
Y. '=-'.s.j'.,-t"“.‘-'° [(_E__) - ]] (] + 211 ) + 2 5

r ST ‘““”““x31177i*»‘
[dWhere Hpgs u e u - are coeff1c1ents of the fdnct10ns of e

'dipacking characterfstics, is the elast1c compres1b111ty i?fsf"'

Lr

':ffehfactor 1n the rad1a1 direct1on, Opg 18 the 1n1t1a1 radial

ro :
"jgpressure and or 1s the rad1a1 pressure . For mater1a1 hav1ng

’jequa1 e]astlc compressib1111' factors 1n three pr1nc1pa]

«;Qd1rections and stresses under constant stress ratlo cond1t10ns, 3n5tf

:V*?fa Simp11fied form of equat1on (2 5) can be obta1ned This r;;;}ff;f

i?f:frelationsh1p takes the f0110wing form

S S<R _’; -,_;? ) o [(,, )"’

'“lgwhérers'"




N '”3 ]":;

. R 1s constant stress rat1o, P 1s applled mean norma] pressure,_7“

and P is 1n1t1a11y appl1ed mean norma] pressure

f‘.‘-;']‘_I jhe stud1es out11ned so far,_on]y the volumetr1c
- component 0 total stra1n was d1scussed However,;!n“ffff‘;jﬂ_?:al
_fSOl] under Stress, the tota1 stra1n genera]]y consmsts of S
"Rsl1p stra1n wh1ch 1s p]ast1c or 1rrecoverab1e stra1n and |

'e1ast1c stra1n wh1ch 1s recoverable A comprehens1on reV1ew

_ 7regard1ng the mechan1sms of these two stra1n components was

"Rg1v n by Rowe (1971) Tak1ng these two components 1nto

'f;c.ns1derat1on, he presented a stress stra1n re]at1onsh1p

under anaxisymmetr1ca1 constant; f
“;;L .:. {n_{ -

;for granular mater1a1 sbresiL

L e - T B ;Q',s:. Gt.fu;ptw.g;’.;‘.lﬁl . }'i'jidkii';~ mlilii; f;:Afv“Uiv7‘ RSO

where g?; 1s the tota] maJor prwnclpal stra1n, °1 15 effmﬂnve"/
':f maaor pr1nc1pa1 stress, R 1s rat1o of effective maJor pr1nc1pal stress ,
'*ﬁfito éffect1ve m1nor pr1nc1pa1 stress, f s rat1o of sl1p stra1n]ff}5

:;3to e]ast1c straxn dur1ng constant R stress path E 1s Young s;fiffl




e
sands such as dense welland R1ver sand were found not to vary

s1gn1W1cant]y even between tests at d1fferent R Thus jf'

A B
(45 + 2f )

nba‘e"t ang]e of fr1ct1on between partic]es

'Sd'tant R cond1t1on, where K L tan®

ugs;-'t
Rm

uler test can be expressed by subst1tut1ng the Value
1n above equat1ons For R > K cond1t1on,& .
"ffe1ng constant and tends to 1ncrease with ‘fvwf;h%d‘

o )

”f;Stra1n Behamlour

The deformat1on reSponse of 50115 1s path:dependent

Th1s fact has been 111ustrated by Lambe (1969 p = 1134)

5? \w1th stress stra:n curves obta1ned from tr1ax1a1 tests us1ng

"varwous 1oad1ng cond1t1ons For a mater1a1_wtth thts""ehav1ourffifi“7

'ﬁwbtstresses, stratns, and deformat1ons shou]d be determ\ned b_tﬁt
e,;}proper 1ntegrat1on a]ong the path of 1oad1hg With1n a so11

‘ 'ffmass under 1oad d1fferent elements m
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*ustress paths. Ideal]y, tests for determ1n1ng mater1a1
§

| paramet%ks should embrace all poss1b1e stress paths whlch

.

g.would eventual]y occur | Th1s requ1rement may be 1mpract1ca] o
‘vddue to the comp1ex1ty of a genera] const1tutIVe mode] and
the 11m1tﬁt1ons of test1ng techn1ques Thus, tests fol]ow1ng fgr*
'bone stress path wh1ch can character1ze the behav1our of most

of the 5011 mass are usua]]y performed = The 1mportance of “
}<con51der1ng stress path dependency of the stress stra1n
'febehav1our of so11 1n pred1ct1ng deformatlons has been repeat-
.:edly empha51zed by Lambe (1964), Desa1 (1972), Duncan (1972)
| pand E1senste1n (1974) LT

ﬂ2.5‘ Derivatlon of E]ast1c Modu11 L
-v' The pr0cedures for der1v1ng nonllnear e]ast1c modu11 |

Nhave been deveToped ahd used 1n ana]ys1s by several researchers

".V(Ku}hawy et a] 1969 K1rshnayya, 1972(a)) These procedures'ﬁéls

; ,ﬁwere essent1a11y estab11shed to use convent1ona] tr1ax1a]

'"j;Ltest data However, 1n some cases the eTastic modu11 der1ved

o from the tests other than convent1ona1 tr1ax1a1 tests are
"_needed and the previous procedures cannot be d1rect1y app]ved

e In the present study,'stress Stra¥€ behaV1our dur1ng oedometer

lfvicompress1on test 1s of maJor 1nte\e Thus, the procedure

*fmkof der1v1ng modu11 from th1s test has to be developed Plane

~lﬂfact that such apparatus 1s seldom ava1lab1e in practice

"i;d1ff1cu1t to be performed Furthermore,.due to modern

'"'stra1n test was not cons1dered 1n the present study due to th“5°'"d

kd

*"f{Even 1f the apparatus 1s age11ab]e, hvgh pressure test1ng 1s |

ofﬁ;fcompact1on techn1que the stress state 1n the maJor part of the

e
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dam is perhaps closer to that under one- d1mens1ona] rather

than p]ane stra1n cond1t1on

"\In the oedometer compression test, the e]ast]c moduT1‘
of the samp]eacan be comp]etely determ1ned 1f the rad1a1 stress S
“js measured during the test 81shop and Henke1 (1957) have

_suggested a method of perform1ng one d1mens1ona1 c0mpre551on

l,‘ tests in convent1ona] tr1ax1a1 ce]] 1n whtch the rad1a1 stress

'd.fcou1d be measured Th1s procedure is acceptable for a 10w

n”‘loadlng An oedometer in wh1ch the rad1a1 stress c0u1d be

o pressure range but 1s 1ess 1dea1 for a test WIth high susta1ned

~jmeasured dur1ng compress1on under h1gh pressure was presented

by Brooker and Ire]and (1965) A somewhat s1m1]ar aPPFOaCh j??QW’

'h"ewas attempted 1n the present study, but for s1mp11c1ty the

”'%stra1n gauge attached to the ce]], rather than pressure chamber,.fh
hb:was used to measure the rad1a1 stres However, it was fouqe
‘Zthat the rad1a1 stress cduld not be measured as successful]y

o k
' ‘as expected In order to ach1eve2%omp1ete determ1nat1on of
5 ,t

g e1ast1c modu11 another set of stress stra1n re]abaonsh1ps isfifgf;;

_ : \ .
: needed : The 1sotrop1c compre531on test on near]y %dent1a1 S
f‘samp]es was therefore used SR

From sect1on 2 3, 1t 1s c]ear that the stress stra\n

'_relat1onsh1p 1n a constant stress ratno’test 1s a power functt1on

,.

tA]though a]] the formu]at1ons were dervvedjfor granular g}~1x*"~
/

materia]s, 1t was thought that for Mlca tﬂ] w'yh conta1ns a

.f'small percentage of c]ay 51zes, the same pr1nc1p1e mwght a]sof;g*ﬁf

X

wifhho]d The genera] express1ons for the oe ometir compress1on';;ffff

'7}test and 1sotrop1c compress1on test results may be presentethﬁft;;




as follows:

.

Oedometer comoression test: ey = CD (Elf)a C (2.9)
i g ‘ R o oy A (
- e g b~ : . :
? Isotrop1c compre551on test e, = C, (5) 7" . (2.30)
i . . v K Pa . "

°where'si is the VerticaP strain, €, 1s the vo]umetric stra1n,

\
'/\ 'o]' is the effective vertical stress, o' is the effect1ve

)’ '\ : .

h isot¥opic stress, and Cp, CK, as b are constants.’ The term -
hE P denot1ng atmosphermc pressure, is 1ntroduced so that CD’

| 'CK ar% pure numbers For pract1ca1 purposes, the constants
L

)

‘\ CD’ CK’ a and b are more convenvent1y determ1ned from

AN

\ L\ compre551on test data rather than evaIUated from the phys1ca]

.:\-\ meaning of the components 1nv01ved in the constants Equat1on
N

(2 9) can be transformed 1nto logarithm1c form as fo]lows

: : ot
o 1og e]r = 1og CD +.a }og (3;~)* S (2 IT) 'f:'
\.i ‘-COnstants CD and a can be easl1y determ1ned by draw1ng

- \ O

~a|straight 11ne through e VS (p——) data ploteed on a 1og 109
scial A s1m11ar procedure can. be used to determ1ne CK and b

_,/

4 By deferent1at1ng equatlon (2 9), the tangentlal

C ‘Vi'i
el T
- ssum1ng that samples hav1ng the same volumetr1c strains

"
a
Q
o
]
)
e
. w
P

O
™. .

. rare unde \ihe same mean stress, the mean stress correspond1ng to R
U

a'gjven}g» in the oedometer compre551on test can be evaluated by

\ | . X . RETRER B : "."
| : , o o Y

1 6, Sy
. .

Vs

‘ 7(.2‘-:'12”)}'. PO



equating €y and ev in‘equatibns (2 9) and_ (2. lb) This
assumption describes close]y rea] ‘5011 behaV1or for the case
where vo]umetr1c stra1n due to shear 1s not dom1nant for
-examp]e, dense soil under one d1mens1ona1 compress1on _The[‘_
.app11cab111ty of th1s assumpt1on on the test samp]es will be
d1scussed in a 1ater sect1on |

[

The-equat1on whwch may be used to eva]uate the mean

-stress corresponding. to 01' can be expressed as fo]lows

_(‘2‘-'.;13)

The tangent1a1 bu]k modu]us as a funct1on of 1sotrop1c'

L A
”stress can be obtalned by d1fferent1at1ng eq. (2.10)., : .
K = g—g-— = L—)-b}g e b—'T“' S (214)

Using edﬁ (2?12);”(2 13)'and (2. 14), the effect1ve'
constra1ned modulus and bu]k modu]us at a part1cu]ar 01 |
‘stress leve1 can be eva]uated It may be not1ced ‘that eq
(2. 12) and (2-14) are on]y val1d for non zero stress states
’Subsequently effectxve Young s modulus and P01sson s'ratio f

can- be determ1ned SImpIy from Hooke s ]aw

-Ef” %- _ ( C . '._f7j;;f,j',”7fknﬁ-fdf;?.ﬂff12?15)fl;'“



The'preceding orocedure may'be'described more clearly .
by the schemat1c 111ustrat1on shown in. F1g 2.1, The results
of oedometer and 1sotrop1c compress1on ‘tests on 1dent1ca1"

samp]es are presented with a common coord1nate for stra1n;'

" The use of the common coord1nate for stra1n is acceptab]e

because-the ax1a1 strain (e]) 1n an oedometer compress1on
test and vo]umetr1c stra1n (ev)'1n an 1sotrop1c compress1on
test are both équa1 1o stra1n 1nvar1ant 3e ct" In'F1g
2.1, for a known magn1tude of effect1ve maJor pr1nC1pa1

stress, oa, the tangent1a1 constra1nt modu]us, EC ‘can be

:obta1ned from the tangent- to the oedometer,compression‘

stress stra1n curve presented in. the upper'quadrant.: From‘e.

the same curve, the ax1a1 stra1n or strain invariant, ob,

correspond1ng to the same stress canebe determinede' For™
A

‘the same stra1n the tangent1a1 bulk modu]us, K" and the mean

J:Astress, oc, wh1ch corresponds to the stress level in the

- 1ower quadrant

i

above tne r1ver bed and some 800 ft ‘above the ]owest f‘

4

| oedometer compress1on test, can be eva]uated from the ,'

‘Jsotrop1c compress1on stress straln curve presented 1n the,,

2 6 The Need for H1gh Pressure Tests “?'

The 1ncrea51ng use of h1gh earth damsrequ1res that

so11 engtneers prov1de 1nformat1on on the strength deformat1on55"

i and dra1nage character1st1cs of so1]s under h1gh pressure ;7;nfj“

N

the case of M1ca Dam,lwh1ch r1ses about 650 ft

po1nt in the underlylng bedrock channe] the norma]

S
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}stresses ex1st1ng near the base of the embankment are much
: h1gher ‘than those usual]y encountered in so11 eng1neer1ng
pract1ce S1nce the deformatlon and dra1nage character1st1cs
rof some. so1ls under h1gh pressure may be s1gn1f1cant1y |

d1fferent than those under Tow pressure, 1t 1s unreasonab]e

‘ to use 1nformat1on obta1ned from Tow pressure tests and extra-

poTate ‘them to h1gh pressures It is. known that grain breakage
causes crushlng and Teads to straln 1n add1t1on tomthe‘stra1ns

T occurr1n91nso11 w1th rlg1d partwc]es Moreover thexcoeff1c1ent
T of consoT1dat1on may vary with the stress TeveT H1gh pressure ~:
,testTng is espec1aTTy 1mportant for study1ng the 1nf1uence .
of grain breakage on the stress stra1n behav1our)of so1T and
the vaTue of the coeff1c1ent of conso]1dat1on at h1gh
»vpressures o o ' |

2.7 Exper1menta1 Equtpment

Gooe .
PR

e A0

L2.7.1 Oedometer Compress1on Ce]] | N o

Z » _ The ceTT 1s a mod1f1ed form of the Rowe con5011dat1on

. cé11 (Rowe and Barden,t]966); and 1s 1Tlustrated 1n F1g 2 2.

o The view of the ceTT dur1ng testlng 1s shown in F1g 2 3 Itfi;:

) f1s des1gned to test’specsmens 4 lnches 1n d1ameter and 4 5 ;
;Jnches 1n Tength S1nce thhs is the standard samp]e s:ze i

ﬂ_prepared by many ava1]abTe compact1on mach1nes, 1ts use 7'“"'

”kavo1ds the d1sturbance caused by tr1mm1ng The maJor parts

'f:fof the celT are constructed w1th sta1nTess steel 1n order to }:ﬁj'

15m1n1m1ze the deformat1on of the ceTT under h1gh pressures and_9idi

f{to prevent the rustlng of the parts i contact thh water R



| | 3
The ma1n modlflcatlon of the ce]T is the add1t1on of an |
fa]most fr1ct1onless boundary between the so1T and the .ring.
This is. done by add1ng a tefTon sTeeve and a greased rubber
m membrane as shown pn F1g 2.2;' _ _
A un1fovm vert1caT Toad is. app]1ed to . the‘sampTe by
ﬂ\means of a1r pressure act1ng on water or mercury cover1ng

the beTofram Jack The a1r pressure generat1ng system is
\

\
bf the pressure as h]gh as 750 ps1 for a cons1derab1e per1od
l .

of t1me The reqU1red pressure is. controTTed by an a1r o

.

Fgu]ator and the actua] pressure 1s measured by a 2000 p51

transducer to an accuracy of 0 5 ps1 The d1sadvantage of the L
system 15 1ts potent1a]1y expTos1ve nature However, by }.f,f; i

exerc1s1ng cons1derab1e care dur1ng the tests av01d1ng any }ahf'"

sudden release of the h1gh pressure, and perform1ng the tests

: 1n an 1soTated room no aCC1dent has occurred throughout thls >ff;555"

L 1nvest1gat1on L The use of a top chamber f111ed w1th water |
: ﬂ‘was found effect1ve1y to m1n1m1ze the d1ffu51on of a1r through
the beTofram and 1nto the 5011 Th1s arrangement was used L

. ,.

‘;for most of the tests

The vert1ca1 sett]ement 1s measured at the cent“/fxa-

P qp A
’xof the sampTe by means of a rod attached to the Jack and pa351ng

d:fout through the top cover to an LVDT w1th th1s set up, the

adopted ‘because of ‘the S1mp11c1ty in. Operat1on and ma1nta1nence‘

",settTement can be measured to an accuracy of 0 0002 1n Twolt_;ytf5f

*\,roTT1ng V{ rtngs are used to prevent the Teakage through

'the Spac1ng between the rod and cover and aTso to prov1de a

d

- fr1ct1on1ess gu1de dur1ng 1ts movement As a safety precaut1on _f;f



a dial gauge was somet1mes added 1n order to have 1mmed1ate
‘.'detect1on of any unexpected mOVement resu1t1ng from. fa11uref° B
'iof the pressure system _ - ’

| Top and base dra1nage can be control]ed through the‘
~dra1nage controT vaTves attached to. the base pTate and top
..cover of the ceTT The t0p dra1nage outlet is prOV1ded by

'a tube sea]ed through the Jack and Tead1ng d1rect1y to the

T“top dra1nage cbntro] vaTve Pore water pressures can be : ;oL

f_.measured at the base w1th a h1gh a1r entry ceram1c stone “A'?

':stone hav1ng the same a1r entry vaTue as those used on the g)*‘
.Aplezometers was 1nsta11ed The a1r ehtry vaTue rs 2 bars
TT'TIn 0rder to have proper compar1sons wvth the observed p1ezometer??fﬁ
rread1ngs. the pressures are registered by a transducer | 'y g
Ayconnected to the stone and are measured to an accuracy of 0. 2
Tpst; Th1s arrangement prov1des fuTT control of dra1nage,;'.

'-'undra1ned pore pressures and back pressures

There are severaT 1mportaht features wh1ch make th1sf;ﬁfijﬁf

o thdrau]1c Toadlng system more attract1ve for the present lif-'fffx

ffﬂamagn1f1ed by & Tever system

fﬂstudy These features are as foT]ows B o v
| :"ftaj It is s1mpTer to prOV1de h1gher 106d5 for Targe btf
If;td1ameter sampTes than convent1ona1 dead Toad SYStemS | | ;A

' (b) The sample 15 mot subJect to v1brat1on effects ;

5Af,’;( ) Dra1nage can be control]ed The Toad can be-ﬂ»g e

| 3-;app11ed WTth the draln cTosed, allow1ng a fuT] deveTopment of?ffffﬁf;

'-;the undra1ned pore pressure The d1ss1pat1on stage can be

Thstarted from an equllibrium pore pressure condition at a fia .



,chosen-time
E (d) Back pressure can be easaly appT1ed
i(e) Any change in water content of the test |

';spec1men due to. evaporat1on is. prevented

K 2.7;2: Isotrqp1c CompreSSIOn CeTT

The ceTT is:a standard tr1ax1a1 ceTT mod1f1ed for o

°@?7ph1gh pressire’ test1ng It 1s shown Tn F19 2 4 Th e

"sf‘fconvent10naT transparent perSpex CyT1nder is replaced by a

"fjstee] Cy11nder 0 25 qn' th1ck re1nforced WTth three sta1nTess :.g; .
asteeT straps | 'i,g_fftf# *’ii,51:zliftifhdyfti[ff*Eaf*' S

| o Due tovthe h1gh conf1n1ng pressure usedtimeasurments‘.‘

‘ij}of the totaT voTume change of the sampﬂe, woqu 1nev1tab1y

'*_f:encounter some d1ff1cu1t1es The standard volume change afﬁmhfajﬁ,t;f

'Y1nd1cator w1th transparent perSpex cannot w1thstand the E

*1¥pressure In the mercury d1sp1acement method the movement

V.‘Of the mercury surface cannot be v1ewed w1th a cathetometer

7;fTateraT stra1n 1nd1cator descr1bed by B1shop and Henke]
'lfkn(]957) for performing compre551on tests,on 4" d1a sampTes.f
"”i;'under zero TateraT strawn The mod1f catxon 1s made by

'5v,tfrep1acrng the d1aphram mercu:y'1nd1cator‘byf'an

.ﬁd-because of the 0paque steeT cyT1nder used for the ceTT »Tﬁéifﬁffd“'\T
”,51mpTest soTut1on, adopted 1n thTs study, was to measure

‘,vert1caT and TateraT deformat1ons by LVDTs nnside the ceTT The

!e

”7¥Tatera1 stra]n measur1ng dev1ce used 1s a mod1f1cat10n of the

e of 24 voTts A th111 W1re 1s twed to the Tower end ofi’he#core of

'°73;fwh11e the upper end 1s supported by a spr1ng '“féftgj’“




-'e-j]ateraT d1sp1acement of the spec1men The vertxca] d1sp1ace-‘]"

movement of two curved metaT pads wh1ch bear 11ght1y on the
fsurface of the membrane sealnm the sampTe ?s magn1f1ed

. @
‘th1ce by the h1nged ring wh1ch embraees the samp]e and 1s

,1mparted to the th1n w1re, stretch1ng across the two ends
of the r1ng The w1re causes _a vert1ca] movement of the

‘core of L V. D T equ1vaTent-to tw1ce the amount of the

Tments 1s measured by an L V D T of 24 vo]ts w1th the pTunger;fg-f
. 7

restlng on the upper cap of the sampTe The vert1ca1 and
nhplateral deformat1ons can be measured to an accuraCy of

'};0 00001, a"d 0. 00004 ‘nches respect1ve1y,_ After vert1ca1 and =

g ngateraT stra1ns are obta1ned*the voTumetr1c straln at any

“f1s not used because 1t 1s consxdered as a conduct1ng

'ffpressure may be caTcu]ated by addlng tw1ce the lateral stra1n7;7ff
"to the vert1ca1 stra1n A v1ew of deformatlon measure-*¥f;fhj'

’Qment set- up on. the spec1men is shown 1n Fig 2. 5

Hydraullc 011 1s USed to f1]1 the chamber Water

‘:T}ﬂmed1um wh1ch may 1nfTuence the vo]tage s1gna1 once water.i§hﬂj¢{;;;gf

'Tiforced 1n the L Ve D T hauge under h]gh pressure‘i‘Asléipfj"'

”;’consequence,fstandard latex membranés cannot be used 51nce

.7Furthermore, Tatex has 1nsuff1c1ent st

~"]5Membranes comp

k*ffﬂSuccessfuITy thrOughout the tests In order to have the

:rtthey woqu deterlorate in contact w1th the hydrau11c}ofl ,_:hff;ff'

'ng,hﬁto res1st;the:}f;}

ressure

:T.qunch1ng effect of the 5011 Partic‘esid"der h1gh:;

1sed of ]/32" th1ck neoprene were f1na1]y usedj}ﬁf'

*ii'hmembrane properly sealed on the top cap and at the base, Steehﬂ



| VQj'sare shown 1n ngures 2 6 and 2 7 rHSpe tfve]y
'°¥Q’{tamper foot heat can be controlledw H‘”ﬂl‘H

' gj}xhowever severa1 other features made this mach1nevattrach1ve

'-;These are
-*v;‘bvar1ed from 0 to 1000‘p51

af";ispeclme" can be pre se]ected and varied

:bands press1ng the membrane aga1nst rlngs recessed into
grooves around the per1meter of the cap and base were used |
'D1ffu51on of a1r through the membrane 1?’checked-by mea5ur1ng
h?the a1r pressure bu1]t up :n51de the membrane wh1ch enc]osed
,Vm.an undeformab]e dummy.%ample No s1gn1f1cant bu11d up ‘
“apressure was measured for the durat1on of the tests;“;fsdgﬁjpf
.}jfperformed e E ‘i‘_d:' . L .d 2 » vp'a"> L
o Sameras 1n oedometer compress1on ce]l top and base R

' }dra1nage can be co ffoi]ed Pore water prgasures can be

‘measured at the base 1n wh1ch 1s 2 bars a1r entry ceram1c
'”.pstone

. el . < ’

"':2 7. 3 Knead1ng Compactor SR SRR i
.‘- ” The knead1ng compactor used 1n thlS 1nvest1gat1on 1s

'“l”g model CSlOOO electronic hydraul1c knead1ng qﬂmpactor |
"*1manufactured by Cox and Sons of Sacramento, Ca11forn1a 'Théica??5:?kf

:'fjgeneral v1ew of the mach1ne and the view durrng‘so11 compactIan;ﬁ;755

The compactor

b:ﬁs basncally des1gned for b1tum1nous compaction 1n which 'r'

f‘%compact1on, temperature control1s not an 1mportantfissue,~;i,ﬁj v

'75f137. The ram pressure can be c0ntro11ed;eas11y,and tif”

(b) The number of Qompact1ve tamps app11ed to,the




~=i~ ~be adJusted '.f{l;V”* 51;'fﬁ“yir5fJ*Td§_fuﬁ-¥'

‘;T (HewTett Packard Testmoblle Mode] 3440 A w1th Mode] 50508

| o - ,44‘5‘
(c)} The amount of time the ram appT1es preseure to

the spec1men can be adJusted ,fef ;ﬂ7',m;-:{;ff‘ ; E%Q'E,AJT-F

(d) The amount of movement of the tabTe between
tamps of the ram can be control]ed Table rotation can be
var1ed from 6° to 72°‘1ncrements for each 360° of tabTe |

rotat1on ..‘ el 'T

'TQ »_(é)} The time 1nterva1 between?tamps

-~ F

i the ram ca_(?
/,‘.. . Lo ’.

Us1ng th1s compact1ng dev1ce, nearly 1dent1ca1
samples can be made at any t1me 1f the same 1n1t1aT cond1t1ons fof

(mo1sture c0ntent,.etc ) are ma1nta1ned

2 7 4 Record1ng System | | »
' The voTtage outputs from the L V D T s are scanned

ampT1f1ed and recorded by an automat1c d1g1ta1 voltmeter

d1glta1 recorder) The read1ngs can be taken at 1ntervaTs

of t1me rang1ng from one second to one hour | The pressures i;fiiﬂt
"are measured by transducers and read w1th straln gauge A}J‘
br1dges 'fjgﬁzf:rfiif’f?f"f7igﬁffid}j7!j}{eff"f'““‘7”’:v‘”

.‘:

2 8 Descr1pt10n of the So1T Tested

M1ca T1TT, which 1s the ma1n.50Tﬂ 1nvest1gated 1n =
| th1s study, has the foTTow1ng propert1es A4“_':'VT_L”:_T &
S Liquid.Cimite | i e 18% ;:'13'-_:,‘i-'; fff'-' e b
:thi‘PIast1c L1m1t f;iéfi,;f;izsf?;;ﬁﬁ%ﬁ%:f}fff]?:??fﬁﬁ

ey B
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' The gradat1bn curve for the. mater1a1 pass1ng the 3/4"‘

' s1eve 1s shown 1n Fig. 2. 8 and designated as gradat1on No 15n1;“
'{As a conven1ence th1s des1gnat1on IS also used for n&tura]j.}ﬂx77
mater1a1 pass1n9 3/8" and No 4 s1eves w1thout rework1ng The.f-"
graVe] 51zes of M1ca T111 are ma1n]y gran1t1c gne1ss amd

"quartz w1th some fr1ab]e sch1st . M1ca f]akes are present ln' L
ﬂf‘In; orqer to study the 1nf]uence of gradat1on, severa];j‘:;

"p'spec1mens were prepared from mater1a1 w1th gradat1on No Ziifffv”

."".3those of the mean gradat1on curve of the core f111

l‘ffﬁfor d1fferent compact1on tests are shown 1n F1g 2 9

';}Th1s gradat1on curve 1s also shown 1n F1g¢ !'8 The Ilater1al?}q;fﬂ
'1cons1sted of part1c1es sma]ler than 3/4“ Thef501l was o
"1art1f1c1ally m1xed 1n such a way that the percentages 1n

:‘fwe1ght f1ner than each se]ected s1eve size were the same as

water content and den51ty relatwonsh1ps fon the t1]l

'Jth1s f1gure,.1t 1s noteworthy that two pa1rs of aVerage ' f?;:tpﬁ7

"—ffwater content and dens1ty values measured 1n three seasons f?;,,tv.

"ifre]at1onsh1p for samp]es compacted by knead1ng compactor 1n

‘3iof core f111 fal] closer to the water content and den51ty

‘"9?7 layers w1th 70 tamps of 150 ps1 pressure perhlayer'fﬁfhefZ;

"4better corre]ation between kenadlng compaetion;m'thod‘,f$55i

rf;§w1th the f1e1d compact1on than dynam (convent1on£1)

'.comEact1on has been d1scu558d by ”‘]5°w;( 950) agd Zegarrazi,

) In h1s dlSCUSSIOH, Zegarra (1958) compaﬁed the



ﬁ1ne ofﬂpt1mums developed 1n the f1e1d compactlon tests‘
w1th sheepsfoot and rubber t1red ro]lers w1th those
obtalned from 1aboratory compact1on tests on the same so11
usxng dynamic compact1on and Harvard or knead1ng compact1on
The 11ne Of opt1mums was def1ned as the 11ne wh1ch Jo1ns the

peaks of water content den51ty curves for the d1fferent B

o compact1on efforts From the compar1$on as shown in F1g

/

2 10 he concluded that dynam1c compact1on1ndumtesIeSS(JV1ous

re]at1onsh1p to fleld c0mpact10n curves By cowncwdenc

o+

h]ghest compact1on ach1eved by dynam1c compact1on (Mod1ﬁ1ed =

AASHO) had the same numer1ca] va]ue as f1e1d compact1on by

¥

the heav1est rubber t1red rolled at max1mum coverage ‘th“;fv‘

g -‘»t_‘h'e' .

the: other hand knead1ng compact1on was most }1ke1y to ;*f‘!;;;:"ﬁ

-

dup11cate the f1eld compact1on us1ng/rubber t1red ro11ers
Nh11e kneading compact1on has the flex1b111ty of
'f,vary1ng foot pressures and number of blows per 1ayer and

thus can ach1eve d1fferent comb1nat1ons of water content and

dens1ty, no- standard procedure has been estab11shed At the *;fiﬁp;

1

present t1me, the f1e1d compact1on 1s not usua]ly controliedzf?ﬂ*f”"

or des1gned based onavmtercontent density re]at1onshig.§%e;7“”i

'w:obta1ned from knead1ng compaction Thus, dur1ng the design
stage of each prOJect, part1cu1ar combinat1ons of foot
pressure, number of b]ows per layer and number of 1ayens 1n

knead1ng compact1on correspond1ng to the f1e1d compactton

'°'{can on]y be found by performung several compact1on tests

water content and dens1ty data recorded from test embankmentsfbf?ﬂfﬂf




| r \ Xy
__woqu prov1de very usefu] 1nformat1on regard1ng the expected
_fie]d compact1on resu]ts in ‘the main dam. The knead1ng
compact1on procedure thus estab]1shed for each proaect w111
‘be most usefuT for prepar1ng the test. spec1mens to be used

strength deformat1on study

2ﬁ9"SampTe”Preparatfon-' B |

| The till: was obta1ned from wood R1ver Burn borrow- area
of M1c¥ dam The so1T was forced through the des1red max1mum:
K“ : 3/4" 3/8" r o@ 4) gra1n s1ze s1eve and the mater1aT pass-'
- 1ng the s1eve was abr dr1ed Twenty f1ve hundred grams of the ,fdj;
.‘a1r drled so1T was m1xed thh the requ1red quant1ty of | :

' d1st1]1ed water by we1ght 1n ‘a mechan1caT m1xer for at Teast S

"';5 m1nutes About 0/5% more water than requ1red was added ffk':

'f.to the 5011 to compensate for the mo1sture Toss dur1ng m1x1ng

. The so1T thus m1xed was be]1eved free of Tumps before cur1ng

AThe lumps were broken by hand 1f necessary A un1form

swm1xture coqu frequently be obta1ned w1thout d1ff1cuTty The;T.ff-

’[so11 water m1xture was removed from the mfxer, pTaced 1nv;:~f'}x;=]f

}¢p1ast1c bags, seaTed and cured 1n a mo1st room for a m1n1mum
r ; . : . . .

s of 24 hours pr1or to compact1on

Y .e

The r1ng of the oedometer compress1on cel] was so ﬂfaﬁj?»q“l

J;des1gned that 1t coqu aTso be used\as a compact1on moqu

Tlhe samp]es for oedometer compressvon test% Were compacted

Trd1rect1y in the rlng, thus the d1sturbance due to extrudlng

f&:fdf;was av01ded The r1ng wh1ch was be1ng prepared for compact1on beﬁ

“-_fhwas coated w1th s111con grease on the inner surface of the

»

» »\"o I



.tefTon'sTeeve and a standarthatex membrane was'in%erted
fh'ﬂkqmould‘and,bfought.fnto cTose contact withftefTon;;tThel.
‘circular pTUnger; sdehtly smaTTer than the inside diameter
.of the ring, was somet1mes used to ease the membrane 1nto__
“p]ace and force it to adhere to the tefTon surface For-. -

mmpact compact1on standard proctor and mod1f1ed proctor

~efforts were ach1eved with - the ASTM procedure For knead1ng
fcompact:on, the foot pressure, tamps per Tayer and number of
Tayers were varied as noted To contro] the un1form1ty of "f

'sampTes, materlaT requ1red for preparat1on of one sampTe

was d1v1ded 1nto equah parts Each part was placed 1n the h}‘
.moqu and’ spread evenTy by hand After compact1on of the Tast
'Wayer,the coTTar was removed and the 5011 was tr1mmed off even
_w1th the top of the mou]d The compacted samp]es were ‘“_.' |
”'wefghed before cur1ng for denS1ty determmatwn The water contents h

of the sampTe were determ1ned from the samp]e tr1mm1ngs

The same procedure as descr1bed were used to prepare~5~-5 i

‘u'the sampTes for 1sotrop1c compress1on tests and a]most

‘}1dent1ca1 sampTes 1n terms of dens1ty were obta1ned as for

R

.oedometer compress”’" tes“ T S
;2ﬁ10 Laboratory TEStS f’ftifaf_ Fl e T e
T2 TO T Compre551on Tests Performed 'f.fffg_l:[:f‘ o

.....‘_N. b I

A summary of compre5510n tests performed 1n th1s

'Tﬁstudy s shown 1n Tab]e 2 T The test resu]ts are presented

‘;dy1n Append1x A The types of tests 1nc1ude oedometer compress1on\rgﬁi

b B g
f]jipart1a] d1ss1pat1on test oedometer compress10n dra1ned test
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; . - TABLL 2.1 .
‘ . SUMNARY OF COMPRESSTON T{STS PLRFORMLD 7 ) .
Al { . Lo . \
»_.—L S - =
Kame of the '.mic; Kare of  Canpaction ¥ater . Dry Gradation - Mastwum™ Remark
vooand tyhe of Test Sample Mcthod Comtont Density fype Gratn
‘ R (1} (bt} Shre .
' O . ! . : .
Oedosoter : ow- 1 Kncading 9.00 132.0 No. ) No., 4
Compyession Partial (150,3,25) B .
N DissApation Test ow-2 Standard . N
' Prog tor 8.95 ma No, Y RN Matertal :
. ow-3 Standard ) . havingwater - . ) -
Proctor 8.81 133.% w, 2 e c?nten: . )
. 4 v tlose to -
o } ow-di / Knpading - : co ', ! fir
. e do) . sas WA 1ty (8]
T oow-5 Kneading . . . core . .
{150,2,25) 8.48 1239 R T VO |
' ow-b Kneading . . : ¢t !
(150,7,70) - 8,90 <10 © No, LN :
ow-7 Podified e : :
.. Broctor ;. 830 1348 No,'2 . RYZLI B L.
. v B Mdifted : S . ‘ ‘
. ] : Proctor * . 8.5% A’ No. ) e
. L S i . : b’\ ' o
oveter . 00-1 - Kneading - 6,47 137.% No. ) w. 4 - \
. . ression Partigh . {150,7.70) ’ . ' b :
o D\sstpation Test 00-2 Kneading . . : . | - / . .
{1%0,2..70) 6.57 M2 KT e Matertn |
\ . . . K R, having water | .
00-3 Kneading : s . content . :
(150.2,70) . 6.89 o194 Moo -3/4% - clote to .
/ s o . ; . (70:72) iy
. . -00-4 rod{fied - . . in the °, [
. . Proctor R . R 140.0 Na, 1 e core ! 1
- 00-5 Kneadin% . oo o T :
. (lSO 5,7%) 1.27: Y»JI._Q . No_ 2 AN 2
o 00-6 . Mud! o D Co )
(150, 7.'30) . 5.0 RUR e
0-7 . Kneadd . : -
T (ISO 1 N), R 139.2 e .
s 0-8. ' Wodifisa ) : : T
© U owrector 6.95 1.0 - k.2 e g \
3 _° Octometer 3! Kieaging  ° “ S N \ -
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and 1sotrop1c compress1on part1a1 d1ss1pat1on test The

',Samp1es were generally prepared at two water contents wh1ch

were the two d1fferent average values measured in the three

seasons of core fill of Mica Dam In order to obta1n

elast1c parameters of the 5011 w1th respect to total. stresses,

| it is qu1te clear that undra1ned tests hpve to be performed

For a saturated soil, compress1on tests other than oedometer
and 1sotrop1c compress1on are usua]]y used These tests
(e.q. tr1ax1a1 and p]ane stra1n tests) essent1a]1y 1mpose

shear stresse; on the Spec1mens and thus sthr deformat1ons

"are measured for undra1ned.stress stra1n curves In compacted

or unsaturated 5011 vo]ume change usua]]y occurs ‘under o

'undra1ned oedometer or 1sotrop1c compress1on test Hence,:

the resu]ts from these tests may a]so be used for der1v1ng

the e]ast1c parameters w1th respect to total stresses

“‘CompresS1on part1a1 d1ss1pat1on tests performed 1n th1s study

are ma1n1y undrawned tests but w1th the d1fference that pore

7_pressures are part1a}1y d1SS1pated when the spec1mens are o

’]oaded to certa1n stress levels. These stress Tevels for the cf;

- case of earth dams can correspond to the max1mum 1oad at the

ki

‘end of each construct1on season In oedometerror 1sotrop1C‘c

';compress1on tests,.undra1ned load1ng w111 gradua]]y brlng
Aunsaturated so11 to ful] saturat1on after wh1ch no. further
;vOlume change occurs W1th part1a1 d1ss1pat1on 1n the test,n‘jih

| th]S cond1t1on may be prevented

E\ast1c parameters w1th respect to effect1ve stresses'

»are most conven1ent1y der1ved from dra1ned tests ) However,_"

-
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'w1th pore pressure measurements in part1a1 dlss1pat1on tests |
'descr1bed ear]wer, volume change and effect1ve stress re]at1on-
Sh1p for uhsaturated 5011 can be obta1ned | These re]at1on—
sh1ps may a]so be. usedforder1v1ng eiastvc parameters w1th

respect to effect1ve stresses

.'2.10}2 Qedometer Compress1on Part1a1 LA
D1ss1pat1on Test - , _ L

3

Before sett1ng up the test spec1mens, the- h1gh a1r
entry porous stone at the base of the cell was saturated with
water. Th1s was - accomp11shed by app1y1ng pressur1zed water
.on top of the stone and occa51ona1]y f]ushlng out the bubbles
from the base dra1nage 11ne connected to the bottom of the~ -

-stone‘(Fredlund 1972',//hfter saturat1on of the stone thet'.‘

base dra1nage 11ne was - f111ed with water and connected,to a -
d. reservo1r with a s]1ght water head: d1fference , Due to th1s
| head d1fference, the top of the' stone was a]ways covered

v | N

Wwith a thin film of water before start1ng the test A'

"saturated f]lter paper was used between the stone and the

base of the spec1men : The spec1men compacted 1n the rtng

fwas then removed from the mo1st room after cur1ng fori

Jday;' The r1ng w1th the spec1men was seated }on the»n

fshown 1n F1g 2 2 In the f1na1 p051t1on,othe 1nner surface ,.f o

of 1ower O 5. 1n of ‘the r1ng Was t1ght aga1nst the s‘de of _
_\ ,

”pedesta] and the bottom of the Spec1men rested diri ct]y on-

_'top of the f11ter paper An"O' r1ng recessed 1nto/the groove.f

|

o

around per1meter of the pedesta] was used ‘to prevent any
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]eakage between ‘the ring andjthetpedestal

| At the top of. the spec1men, a saturated f11ter.
paper and a coarse porous stone were used. In add1t10n, ;
‘the spec1men was sea]ed by a plunger with a membrane and -
Vbelofram Dur1ng the Sea11ng, part1cu1ar attent1on was
- taken to. m1n1m1ze the amount of air trapped between the samp]e &
and the seal The top chamber was subsequent]y assemb]ed |
nd filled w1th water. The top dra1nage 11ne was also f111ed

»W1th water but no f]ow wa's a11owed After settlng up the

; _vert1ca1 L.V, D T Y the top and base dra1nage contro] va1Ves

: were checked to be in the c]osed pos1t1on TheASpectmen-'

h was now ready for test1ng . | o
A]] the tests were performed in the env1ronment

contr011ed room at 65 F and 50% re]atrve hum1d1ty | fhe'

var1atwons 1n temperature and the re]atlve hum1d1ty werelV

1 F and ‘ 2% respecttve1y The purpose of conduct1ng the

'-,test 1n an eny1ronment contro]]ed room was: to avoid the .

{effects of env1ronment f]uctuat1on on the a1r pressure system,f.ﬂf;

7stress stra1n prOpert1es of the Spec1mens and the measurtng

':,dev1ces

Step 1oad1ngs were app11ed 1n the test, and 1ncrements,.ﬂ]*

’*ijf 100 200 400, 600 and 750 ps1 were used Only at 200

l.”e400 600 and 750 ps1, was part1a1 diss1pat10n allowed after 1f;f
'eundra1ned load1ng Dur1ng undra1ned 1oad1ng,the pore'V”
,”pressures were monwtored by the transducer The pressures

"5iwere read w1th a Sﬂﬁ1n gauge br1dge and mu1t1p11ed by an

s
t
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appropriate'Calibrationwfactor Each loading was" ma1nta1ned
»_unt1T no S1gn1f1cant change in pore water pressure was .‘,‘ |
., observed Th1s usua]Ty happened w1th1n 30 m1nutes after the
,app11cat1on of the Toad However,-as a standard procedure '
(B1shop and-HenkeT T957),each undra1ned Toad1ng was ma1n—-
'talned for 30 mwnutes pr1or to app11cat1on of the next
| hToad1ng, pore, pressure agd L.V, D T read1ngs were recorded
Dur1ng the d1ss1pat1on stage, the zero t1me was set when‘
"the top dra1nage controT vaTve was opened The vaTve }?‘
was cTosed at the t1me when the percentage of ‘” |
'hipore pressure d1ss1pated was about the same as that measured
".1n the fil1: dur1ng a work stoppage per1od The next |
ztunnra1ned Toad was app]qed 1mmed1ate1y after the top dra1nage

4

”controT vaTve was closed _'{ﬂg' .a'b’v“@i;_hiif R

e, TO 3 Oedometer Compre551on Dra1ned Test ef;f;ffﬁf‘f o

”-In the dra1ned test the set up was genera]]y the w?7m1}f5t

::esame as that descr1bed 1n sect1on 2 10. 2 OnTy some

‘1"ﬁeatures reTat1ng to dra1nage were d1fferent Because thts :

- .{type of test was performed 1n the earTy stage of 1nvest1gat1on,he .
”t{bno pore pressure measurement was attempted | Hence 1nstead |
:i?Of a h1gh a1r entry porous stone, the coarse porous stone ‘
"Twas used at the base of ceTT Dur1ng the test the top and
‘Tiybase dra1nage T1nes were kept open S

The same Toad1ng 1ncrements as descr1bed 1n sect1on

2. TO 2 were used Each Toad was ma1nta1ned unt1T there was

7e;no s1gn1f1cant change 1n the measured verticaT deformat1on
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The amount of t1me to reach that cond1t1on var1ed w1th water
content and magnitude of. the Toad1ng The.max1mum ttme,was_. B

set at 24 hours

T':Q?T,:SA

'2.10,4‘ Isotrop1c Compress1on Part1aT
' Dlss1patlon Test: - o

The pore’ pressure measur1ng system and the h1gh air

B entry porous stone at, the base of the 1sotrop1c compre551on ce115'5‘”;

~were: saturated us1ng the same procedures as those out11ned

in sect1on 2 ]0 2 The Tatera] stra1n measur1ng dev1ce and

the vert1ca1 L V.D. T weresset on the spec1men after 1t was

properTy sealed w1th the neOprene membrane The top dra1nage o
"T1ne was f]TTed w1th water before the test The 1n1t1a1
:_‘read1ngs for: L v D T s measur1ng TateraT and vert1ca1

-deformat1ons were recorded at the t1me after the ceTT was -

,ﬂf111ed w1th hydrauT1c o1T but before the pnessur! was app11ed
TThe same. pressure system as for the oedometer compress1on ,,f*‘{h7
T’gw'tests was used ST .' 'v‘. T :’ e "»w '

B The Toad1ng sequences tn the test were the same as

The general v1ew of the test set up 1s shown 1n F1g ZTllf

:-"'q',. <’

Pooeteg e
- ..?e*’,o

: [2'11 Some Aspects of Stress Stratn f:ﬁr
o ,i‘f Relat1ohsh1ps ' T L

w% TT Effect1ve Stress 1n Compacted ﬂ5_1'
5011 . o R

o In the present StUdTeS, the effect1ve Stress 1n SR

B compacted 5011 TS, unTess spec1f1c1y stated otherw1se,.fffifjf“-'”

those in the oedometer compress1on part1a1 d1ssxpat1on test;; §dg75.;J
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'>l generally def1ned as the d1fference between tota] stress co

and pore water pressure A1though more ref1ned effect:ve_

_~stress theor1es for unsaturated so1] (B1shop et a1 1960, )

Matyas et al 1968 and Fred]und 1973) are ava11ab1e. the
use of these theor1es in fleld prob]ems may be premature f3"b

The error in 51mp11f1ed effect1ve stress theory has been

- d1scussed by B1shop et a] (1964) As 1nd1cated for thet

case of a dam where the f111 1s compacted near the opt1mum
water content and has a. h1gh degree of saturat1on, the error

due to neg]ect1ng the d1fference between pbre atr pnessure

e,

B and pore water pressure 1s re]at1ve1y sma]] The error ;af:fi.

w111 1ncrease as the m01d1ng water COntent decreases

2 11. 2 Tota] Stress Stra1n Re]at1onsh1p

Due to the d1ss1pat1on of pore pressures at certatn “f?_“5'~hb

stress leve]s 1n oédometer and 1sotrop1c compress1on part1a1 :

d1ss1pat10n tests, add1t1ona1 strawns occur under these

constant stresses The curves relat1ng stresses and stra1ns

1n the tests ane thus dlscont1nuous In F1g 2 12, a stress-' ;

stra1n curve from an oedometer compress1on part1a] d1551pat1on ij;gcf

test can be represented d1agrammat1ca11y by a solid llne and

as shown, the Curve 1s d1scont1nuous at stresses (o
(Ul)b and (o ) In the der1vat10n of elasttc parameters ;'fl' .

L

w1th respect to tota] stresses, total stress stra1n re]ationshtps




r}'tfprocedure is USed to determlne the undra1ned stra1n, 0 5

‘”‘curve 1s 111ustrated 1n the same ftgure w1th a dashed T1ne

‘7f72 TT 3 Parameters for the Stress Straln Bl e
: Functtons ;JH.‘L:,__hs s _o;u»:_;]jgt,_j_t;ff;,.-'

"jfﬁare dTSCUSSed The vaTues of effective'ma;or pr1nc1pa1

Tsﬁu'.

:durlng undra1ned load1ng are main]y of 1nterest Thus, a

’_ ‘total stress stra1n curve requ1red for totaT stress

V-anaTys1s shoqu EXCTude the stra1ns due to pore presure L;:.‘

d1ss1pat1on under constant Toad The der1vat10n of th1s

. I o
curve from the test resu]ts is 111ustrated d1agrammat1ca11y

i FTQ 2. 12 For stress (61)a; undratned stra1n, 0] p]‘;;{§“7»'

;obta1ned by substract1ng the straln caused by pore pressure
d1ss1pat1on, Pi'P], from the measured tota] stravn, 0 ]
For stress (o ])b,the correspond1ng undra1ned stfa1n, 2 3

i

Tjs obta1ned by subtracting the sum of. stra1ns due to.pore

",pressure d1551pat1ons up to th1s]stress TeveT that 1s P] P]r}{ffii

.prus P2P3, from the measured total stra1n, 02P3 The same'd}f-iiw'ff

]

'-for the stress (o ]) The resuTt1ng totaT stress stra1n

C

-curve for the analys1s is. obta1ned by f1tt1ng a smooth curVe”;sgevg,;

'";tj”through the or1gn 0 and the po1nts P}',.P3 and P5 This

’~h Stress stra1n relatxonsh1ps for the sosz under

S e
*F;stress cond1t1ons 1n oedometer and 1sotrop1c compress1on

V“hf'tests have been d1scusssed 1n sect1on 2 5 ‘EP order t°

5:&11ustrate the determ1nat)on and to 1T1ustrate the typica]

” Z;fresultﬁgof an oedometer compre551on part1a1 d1551pat10n test ﬁf}s¥7?7f?

.TiTiya]qu,Of the Parameters 1nv01ved 1n the power functtons,,thE§¥?T”jfff*
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e"stresses and maJor’pr1nc1pa1 stralns of test sample ON 3 are '»*-

lwsted 1n the f]FSt and second columns respectwve]y of

B Tab]e 2. 2 :
- “TABLE 2.2
- TEST RESULTS ‘OF ‘SAMPLE OW-3 .

Sy

'thu(st)‘fﬁ,'d:h*h{iéi;%?trtf'ﬁ3“hdhf.';t?Tfthth*.lﬁx]jx'

B“%%ztleigte;m".t[ﬁh;i50;¢?7,fﬁf.{;tihtti»;iéesb;;fnehtd? .n
:tihéégtt;ﬂ;ﬂfftffff;§° 063ftt}i:df?i”feiﬁédlébfffjf;f“"*“‘

© The alies in colum %1’ are f_obt"a»i ned b&f ;»'di vfiﬁ.dfi‘hga“-‘ T
the va]ues 1n the f1rst co]umn by P ]4 7 PS’ After
HT'{ffplott1ng the correspondtng va]ues of P'" and E1 °" 109 109{;7ftdh{
R P e S T .”m,‘afﬁ S N s
Thjscales, 1t % noted that the p01nts may be represented by "fﬁfhf,;

'“7a stra1ght 11ne as shown 1n F1g.\2 13 For constants a };ifﬁif;

, ._.:,_‘,and C m_the equattons ,,Tv -CD(—-~) the values can be

f?fﬂﬁgobta1ned from the slope of the 1ine, wh1ch TS A ]°9 ei
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,andgthe:VaTue nf"e] for (5lf)‘£ 1. respect1ve1y Tnfthe
present casé, a is 0. 298 and Cp is 0 021 ' The tangent1a1
constra1ned modulus atany stress level greater than zero
..
_Ycan be- eva]uated from equation (2 12) from these parameters
As an exampTe, the EC va]ue caTcu]ated for c] equa1 to

'200 ps1 1s 14680 ps1

"“VQZ@TZZ D1scuss10n of Test Results

o The behav1our of compacted so11 1s fundamenta]]y

“gjcontrOITed by compos1t1ona] factors such as water content

“'ﬂdens1ty and structura] arrangement of so11 part1c1es For a-

"i“spec1f1c water cOntent the dens1ty and structure of compactedﬂxff*ﬂ

"“'soxl are determ1ned by gradat1on, max1mum gra1n 51ze and the

. scompact1on method The stress stra1n response of a compacted S

'fnsoxl 1s 1nev1tab1y related to these factors In the fo]]ow1ngt?Jn;r

'”m4paragraphs, the effects of these factors are d1scussed based .Eff{,f

'ffon the test resu]ts obta1ned ln th1s 1nvest1gat1on .In\ffh

'h'add1t1on to the prev1ous aspects some relevant so11 behav1ouri?”;ff

‘ffobserved 1n the tests 1s a]so d1$cussed
The effect of water content Us1ng st1ffness as a
CN

1Afhgenera1 term for the rat1o of effect1ve maJor Pr1ncipa1 stress;Fdf”:

'7f1ncrement and maJor pr1nc1pa1 stra1n 1ncrement 1n the present o

”7tf§d1scuss10n» 1t can be seen from F1g 2 ]4 that the stlffness

'fi‘of M1ca TllT 1n an oedometer compre551on test decreases as
' rf&the mold1ng water c0ntent 1ncreases Thws behav1our may be:

ffﬁfexplalned by the theorygi

;ncern1ng the effects of compact1on




| f[two d1fferent sampTe gradat1ons were prepared for the t111

| .59 "
}eon‘so{T.structure'(Seed and Chan, 1959) The so11 compacted

at low water content tends to form a fToccuTated structure
lfwhwle that compacted at h1gh water content tends to be.f"
dtspersed ' As the resu]t of the fToccuTated structure, the'_,‘
15011 compacted at Tow water content are Tess compre351b1ef
than those at h1gh water content\ii B o '

The effect ofggradat1on As stated 1n sect1on 2. 8,
L

‘hav1ng a max1mum gra1n s1ze of 3/4"" The stress stra1n

’,curves of these 50115 from oedometer compress1on tests are

47;shown in F1g 2;]5 From th1s f1gure, 1t can be seen that

'foagradat1on 2 mater1a1 1s more compre551b1e than the mater1a1

;.fof gradatxon 1 S1nce gradatxon 2 mater1a1 was somewhat

“.Tstep graded 1t m1ght be expected that the tota] contact

:ﬂa;,1ncreases as - the gratn 5129 decreases Th1s find1ng was

jf}area of the part1c1es was Tess and hence the h1gher stress.j’.,ﬁi‘f

Thper contact 1nduced more compress1on

The effect of max1mum_gra1n 51ze The var1at1on of

1st1ffness wwth max1mum gra1n s1ze for M1ca T1T] Tn an oedometerftf?

'7compress1on test 1s presented 1n F1g 2 16 From th1s f1gure, ;Tf S

‘¥f1t Can be not1ced that the st1ffness increases WTth a
'T’decrease 1n max1mum gratn sfze 1n the range of s1zes tested

“‘M..

?Rowe (1962) performed shear tests on quartz sands w1th

"'ffdtfferent gratn s1zes rang1ng from coarse sand to coarse silt %”.faf

”fthe results obtalned 1nd1cated that frlctton angTe a}so




_‘erp1a1ned'by Lamb’(1964';.; 67) as the larger part1c1es .
were ab]e to ro]] more eastiy than the smal]er part1c1es
due to the1r center of gravxty be1ng further away from the
p]ane of shear Based on th1s postu]ate 1t 51mp1y meant
'fthat there were ‘more: ro]l1ng stra1ns or sl1p stra1ns 1n
"_samples compr1sed of }arger part1c1es than 1n those hav1ng-
‘jsmaller part1c1es Thus, the observed var1at1on of st1ffness t
,f1n the present tests, wh1ch 15 a’ d1rect funct1on of straln,
'?dmay we11 be exp1a1ned by the Same: postuiate : However |
 'fsamp1es w1th max1mum'gra1n s1ze'as 1n the f1e]d (]O"i:f
jﬁ]arger) were not tested, 1t 1s by no means 1mp}1ed that the: .
o Observed st1ffness var1at1ona1 behav1our can be extended to :r—fx
“‘s:»the f1e]d s1ze i As maxzmum gra1n s1ze increases from the '

v.ls1zes tested to the f1e1d s1zes the we]l graded effect also

'EJncreases and may become s1gn1f1cant ‘“ffy;-:**57-‘7

Part1c1e breakage The s1gn1f1cance of partic]e break-{j”'Lﬂ

‘.fage under h1gh stresses for certa1n 5011s-has been reported
. S
by severa] researchers (Lee and Seed 1967 Ves1c and C]ough

"'“ﬁ ]968) The stra1n resu1t1ng from th1s brea'age a]ways adds

to r1g1d partlcle s]1p stra1n and elast1c-

ra1n In Order ﬂfff;eﬁa,p

:5f~ to assess the degree of part1c1e*breakage for M1ca T11111f7f?;g;}”g,'f

oo e

tested in. the 1aboratory the mater1a} was s1eved before and

after ea’% test Typ1ga1 gra1n s1ze curves before and after fﬁff’

oedometer compress1on tests are shown 1n Flg 2 17 From

th1s f1gure, 1t may be conc]uded that part1c1e breakage 1s
/. -11“ -

not very s1gn1f1cant tn cha T111 even under pressures as g;-*~



.
6
;h1gh as. wou]d ex1st 1n the dam S1nce under certa1n stress ﬁ
<1eve}s the degree of part1c1e breakage depends ma1n1y on the(
.gradat1on and the crush1ng strength of the gra1ns (Marsal }.{
'1972) the preV1ous observat1on may be expected for M1ca »
‘T111 whlch 1s wel] graded and cons1sts of gra1ns w1th h1gh

strength

The effect of compact1on method The compar1sons of

effect1ve stress stra1n curves from oedometer compress1on
vtests for M1ca T111 prepared w1th Proctor -and kneadlng |
',icompact1on are shown in F1gures 2 18 and 2 19 Some ‘
'd1fferences can be observeH between the curves for the samp]es
'fprepared us1ng these two procedures At a 1ow water content
"whlch 1s near the mod1f1ed Proctor opt1mum and for samp]es
_hav1ng s1m11ar 1n1t1a1 cond1t1ons (water content and den51ty)
h-dthe one prepared in 7'hyers and compacted w1th 70 tamps of
150 pS1 pressure per layer (knead1ng compact1on (150 7 70))
t1s ]ess compresS1b1e than that prepared w1th mod1f1ed Proctor

; f-compaCt1°” S]1ght]y h1gher shear\strength of the samp]e

]

t,ftprepared w1th knead1ng compact1on to the d\nthy and water.ffa‘V”“

"'ffcontent near the mod1f1ed Proctor opttmum as compared to

'hfgthat prepared W1th the mod1f1ed Proctor compact1on was a1so

"»observed by Seed and Chan (1959) At h1gh water oogeeazcs,

ffwhxch are near standard Proctor optlmum, however the samp]e

'th;prepared w1th standard Prodtor compactlon 1s sllghtlyrfess

'Tucompress1b1e than that prepared w1th knead1ng compact1on [fah

“5:;”(]50 70) From these observations, 1t appears that

x_Lf, o
T



" by knead1ng compact1on (150, 7, 70) and Standard Proctor

somewhat stronger or more f]occulated structures are formed

compactton at low and htgh water contents respect1vely

1

Pore pressure response and dratnage character1st1cs

In. oedometer compress1on part1a1 dlSS1pat10n tests,'the pore

.2 water pressures 1n the samples were mon1tored throughout the

tests The resu]ts of the tests can be. used for der1v1ng |

| the stress straln re]at10nsh1ps of the. samples andua]so for

studytng the pore pressure response and dra1nage characber- |

TSt]CS of the mater1a]s As might be expected dur1ng f1rstfr

undra1ned 1odd1ng, the h1gherepore pr&ﬁsure rat1o B was generally

measured 1n samp]es haV1ng a h1gher water content | | ‘
From the test results the 1nf]uence of coarse

part1c1e fractlon on B va]ueﬁm1ght also be studied Compar1ng 'i

the samp]es hav1ng about thgysame water content and compacted

"h“ wwth same compact1ve effort 1t was not1ced that the sample g

rw1th larger max1mum part1cle 51ze or with gradat1on 2, wh1ch

b, 1n turn had the higher coan&e part1c1e fract1on, had a h1gher

B va]ue dur1ng the f1rst undra1ned ]oading It m1ght be noted ‘>?

the degrees of saturation for‘t;‘ samp]es in compar1son were‘fﬁf;ﬁ

more or 1ess ;he same
- : o8

The 1nf1uence of pore presure d1ss1pat1on on subsequentf“f
undra1ned pore pressure response has been dtscussed by |

B1shop (1957) The B values determ1ned on wetter mater1als“*htff
o

' 1n the present/studtes dur1ng each undra1ned loadtng stage

i are 11sted 1n Tab]e 2 3 f From tMs tab]e,.1t can be noted

that B va]ues of samp]es w1th gradat1on 2 genera]Ty decrease o

/‘ M . 3 - ~ R I
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. : 64
in subsequent stages while those of. gradat1on 1 genera]ly

increase. Dur1ng the tests it was obserVEd that the

,percentage of pore pressure %1ssxpat1on of gradat1on 2
mater1a1s was more than that of gradat1on 1. mater1a]s for the
nsame period of time. Th1s observat1on can be 111ustrated by

' the va]ues of coeff1c1ent of conso]1dat1on (C 1TSted 1n

v)

ab]e 2 4 - The C va]ues were ca]cu]ated ‘from the theoret1caT
r 1at1onsh1p between the percentage of pore pressure’ _ |
d1ss1pat1on at the base of the sample and the: time factor f
»(B shop and Henkel 1957). A]though this relat1onsh1p was‘
.used by B1shop and Henkel for tr1ax1al samp]es, 1t 1s va11d
hfor samples under any stra1n cond1t1on w1th top dra1nage
',Honly In Tab]e 2 4 gradat1on 2 materlals have h1gher C
f Values than gradat1on 1 materwals The coarser part1é1ejﬁ
structures of gradat1on 2 m1ght 1ncrease the perv10usness_.}"
" of the samp]es | C . | -
| ) B “Bishep (1957) had shown that there was a correlat1on
;between the percentage of pore pressure d1SS1pat1on and the'ftli

| pressure rat1o It was: 1nd1cated that the higher thef.'

".}perc ntage of pore pressure d1551pated 5he 1ower the B

' vvalue_wou1d be in subsequent undra1ned 1oad1ng stages
'Howeve y whether the subsequent B va]ue wou1d be htgher or
'~10wer t.an prev1ous va]ues depended on whether the percentage‘

7-‘of pore ressure d1$51pated was above or. be]ow a certa1n

:':'vatue for a- part1tu1ar 5011 In the present stud1es, 1t was L

- _3observed t‘at 1f about the same percentage of pore pressure o
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L Der1vat10n R

| 66
diss1pat1on measured 1n the f11| dur1ng stoppage waS'
»d1ss1pated in the tests for h1gher wated content M1ca T111
_ the subsequent B value wou]d generally not be lower than the”’
.prev1ous value Th1s observatlon, however, m1ght not be
cons1dered as the behaV1or to be expected in - the fleld
'The percengzge of pore pressure d1ss1pat1on measured dur1ng‘f
stoppage was only part of the tota] d1s51pat1on in one.}

season, _51nce some” pare pressures had d1ssupated dur1ng

'construct1on . jl‘_., IURERAE . ;:;_g‘

Assumptlon Used in Elast1c Modu11?‘

For study1ng the app11cab111ty of thgfaSSumpt1on made
7pon ‘mean stress 1n sect1on 2 5, 1t seems va]uab]e to compare
}dthe oedometer stress stra1n relat1onship pred1cted w1th |

lh_exper1menta1 1sotrop1c compress1on curve and that determ1ned

a'from the test The pred1ct1on may be made w1th the fo#lowing

.re]atvonshlps

B

ooandgy = By ;
 where Ky = -1&*'sfn¢ (Jaky. 1944) Lt S
If the assumpt1on that samples hav1ng tﬁe Same 4,, ;¥,':J'

; "volumetr1c stra1n are under the same mean stress is reasonab}e;f B

.fthe pred1cted oedometer stress stra1n curve shou]d close]y

agresemb1e the exper1menta1 one In F1gs 2 20 and 2 21 the

e
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dernved by the coup11ng method descr1bed 1n sect1on 2 5 may o

ffo]]ows

S

”eneach water c0ntent, two pairs of test data 1n terms of

» PR n e 57"'
compar1sons between predlcted and.exper1mental curves for

t111 samples with low and h1gh water contents are shown

- From these f1gures, reasonab]y good agreement may be noted

1
i L
L

!

B Var1at1ons of Poisson’s. rat1o." Tn the ﬁsotropic

1'compress1on tests,,the samp]es were prepared 1dent1ca11y in ;_-_

' ’
‘ _terms of water contents and compact1on methods as’ the s1xw

_samp]es tested all oedometer compression w1th these pa1rsi7bh

be made As preV1ous1y discussed the mean stress for a 01. |

va]ue 1n an oedometer compress1on test mlght be equal to

. a;qf value wh1ch 1nduced the same volumetr1c stratn 1n an quf"”
1sotrop1c compresswon te§% If P01sson s rat1o of the

| 3mater1aT 1s 1ndependent of yhe stress level, then for any

";Jyolumetr1c stra1n, oii 1n an oedometer compresslon test andi'f“'

1n an. 1sotrop1c compress1on test shou]d be re1ated as

** :' T

- ) -

In f1gures 2 22 and 2 23 the test results of Mica

ef_=T111 hav1ng two different water contents are presented flr?r“::"

e fettiie stresses are shown As can be seen from the

Hff;fwgures the test data do not deviate sign1f1cantly from a-

of test results a study of the var1at1ons of Poisson s ratio'%;;-




aconstant Poisson'S'ratio . Th1s resu]t may be expected due E

to'oﬁ/v' equal to Koo the coeff1c1ent of earth pressure "
) .
- at rest for the so11 under oedometer stress cond1t10ns and

»

f_Ka is more or Tess stre&s 1eve1 1ndependent durlng pr1mary

load1ng The K values ca]culated from ‘the determ?ned

. \3

Po1ssdn s rat1os are 0 54 and O 59 for 1ow and h1gh water
7content gamples respectlvely f It may be 1nterest1ng tov‘:;“
: compare these values w1th those suggested by the formula‘:f

' Ko f 1 -fs1n¢ (Jaky, ]944) w1th th1s formu1a and the b

' ’.;average reported ¢ Va]ue (CASECU REPORT),,,K was ca]cu]ated
i "‘f ;
s 0,470 The CTOSe agreement ;in the compar1sons may serve to i

-flndwcate representat1ve Po1sson s rat1os for the materia]s

EE
Lo

;’-_fwere obta1ned e,hf';3=fj;1ﬁﬁ‘fgs:rﬂ‘f7ﬁJif-'j”§f~”7"<bt

A smﬂar study wa? performed on tgst data 1n terms

*;;yof totalsstresses In F1gures 2 24 and 2 25, th“[“
'”fresu1ts to the beg1nn1ng of the f1rst pore pressure

{»idtss1pat1on are shown.a S1nce the subsequent total stress—_ﬁfﬂ{*f'

'];stra1n re]at1onsh1ps are related to the d1ssipated pore ;

.'f_coup11ng method may hot be used From\rhese figures 1t can

~fﬂepressures, wh1ch may not be compatible between two tests, the _ﬁf

'e'also be seen that test data do not deviete sign1f1cant1y

.‘from a constant Po1sson s Tat1o
= _&veq,"‘ c-_ e

An1sotrop1c Behav1or of Compacted

5011 o .

In 1sotrop1c compress1on tests performed 1n this studyt'

lateral deformat1bn as we]l as vertica] deformation wer




u13_3for a]] the samp]es are not equal to one but less than one

"';j;The results a]so show that the wetter samples compacted wfth

| U
5measured Dhe stra1ns ca]culated from these measurements

.may be used to study an150trop1c behaV1or of compacted so11

| ~ Under an equa] a]l round pressure the 1atera] stra1n should

equa] the vert1ca] stra1n 1f the so11 is elastu:am11sotropm

. Th1s cond1tlon can be proved th1ng 'the ba51c equat1ons of e]ast101ty

fIn F1g 2. 26 the rat1os of measured 1atera1 stra1n to vert1cal

'dstra1n are p]otted aga1nst effect1ve 1sotrop1c stresses for
'several test samp]es From thls f1gure, 1t can be noted that

Tthe compacted samp]es exh1bit certain anlsotropy ﬁ The rat1os

‘"f]ower efforts have the rat1os closer to unlty
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-Fig. 2.9 Water Content-Density Relationship for
. ~Mica Ti1l-For, Different Compaction Tests:
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'EFFECTIVE MAJOR PRINCIPAL STRESS INCREMENT
“MAJOR PRINCIPAL STRAIN INCREMENT
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EFFECTIVE MAJOR PRINCIPAL STRESS INCREMENT
~ MAJOR PRINCIPAL STRAIN INEREMENT - . -7

CU7000F T e

w7l .. PRESSURE RANGE 0-2000psi -

H1ﬁ1660t;?“ 'f lj N l|l

PRESSURE RANGE 200 750 pst , .

S ..""'_SAMPLE 45”><40”(DIA) o
6000 =~ .‘TNEADING COMPACTION s A
b T 150 psi, 7 LAYERS R

i 70 TAMPS/LAYER
S, 7 .AVERAGE WATER CONTENT R
L R A SR

3000

NO4 3/8" 3/4:, SR

e

S30 '4.0;- 50 60°70 so 1oo 2oo 250.‘,_;‘_,’-_"17--';'-
e ’MVAX,, G,R'Al_N;,SlZE (mm) e s
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CHAPTER 111

\.

SOME FACTORS  INFLUENCING STRESSES AND DEFORMATIUNS

3.1 §£gp; .
. | In th1$ chapter a review of~the bas1c sett]ement
mechanism 1n a dam. is presented and. the - 1nf1uences of load"
transfer and an1sotropy on stresses and deformat1ons jnharh‘“
-‘a dam are exam1ned The use of two d1mens1ona] ana]yses »-{;
f1n the study of deformat1on ts d1scussed : For conventence
:and c]artty 1n the sequence of presentat1on, th1s chapter

‘cons1ders only those deformat1ons unaffected by pore pressure

'd15$1pat10n e R o

3,3,2 Sett]ement Proflle in a Dam f
During, Constructlon,,

R B

S1nce marKErs used f0r 1nd1cat1ng the.settlement 1n :..P
a dam f11f are usua11y p]aced as the f111 1s ra1sed the : ‘-.
u”sett1ement of a marker at any he1ght of the dam wou]d essent1-””ﬁ:
ally ref]ect the compress1on of the under1y1ng 1ayeﬁ caused |
-by the load p]aced above the marker The zero sett]ement

"datum for each marker 1s usua]]y estab11shed 1mmed1ately

: :;;after 1ts placenent on the surface of the f111 Thus 1t 1sf

'»v-read11v apparent that the sett]ement of the crest 1mmed1ate1y

C 0 after the complet1on of the dam s zero Th1s 1s un11ke a ';‘fl'x

'f sw1tch On grav1ty structure wh1ch has 1ts max1mum sett]ement f;'
’gffat the tOp | o | |
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The ba51c settlement mechan1sm in a. dam may be

StudTEd by cons1der1ng 1t as a broad cont1nuousTy pTaced f1TT‘

©as shown 1n F1g 3.1{ Deformatlons in .this broad f1TT may

be regarded as one- d1mens1ona1 For s1mpT1f1cat1on, 1t is

assumed that there are no. t1me effects on the. settTement

end the fill has a. constant eTast1c moduTus EC 1n a’ v,rt1caT

<‘d1rect1on In F1g 3 1 h 1s the marker TeveT The ncremen— o

tal stress at any po1nt w1th1n he1ght h due to the f1TT abOVe RN

"the marker TeveT w1th a th1ckness dz 1s N
. oy 'p"‘u ;f' - e
‘ Adv ~:” -Y. sz . . s

o The 1ncrementa] vert1caT straIn at TeveT X w1th1n
'the height h due to th1s 1ncrementa1 stress is: ““'}
' o S RS P v
_ _ If the f1TT above the marker 1s ra1sed from TeveT
‘:fh to the top of the f1TT at. TeveT H, the totaT vertTcaT
{stra1n at TeveT X 1s ' ' S 'f %”,elj‘:
Cey ()= fH_-EY,z‘ - 1(*Eih) L

| By 1ntegrat1ng th1s stra1n for aTT TeveTs w1th1n -
fhe1ght h the totaT settlement of the marker at TeveT h due

r},:to the Toad from h to the tOP 0f the f111

Y
SN Y



‘ 97
_.From equatibn (3. 1){A1t is noted that § is a fun&t1on
V»not only of the th1ckness of the compre551b]e 1ayer h, bute
“also the th1ckness of the fi11 above the marker (H-h). =

'Thus the sett]ement prof1]e show1ng the sett]ements at

'_.var1ous depths durlng construct1on of a dam has a parabol1c

'shape w1th the max1mum value at: m1d he1ght of the dam The'?d
‘ftyp1ca1 sett]ement prof1]e of a cont1nuously p]aced f111 1s
shown: in F1g 3.2, A]though a f111 haV1ng a constant
‘elast1c modu]us was constdered a s1m11ar s1tuat10n can a]so.

~be. shown for a mater1a1 hav1hg an elast1c modu]us that var1es {ffe

ef?¢w1th stress level (Nay]or and Jones, 1973)

.\:,‘

In F1g 3. 2 the sett]ements are piotted aga1nst the:

he1ghts of reference po1nts 1n the f111 W1th the basac ”

”def1n1t1on of stra1n but wwthout apprec1at1ng the settlement'

'mechanlsm 1n®the cont1nuous]y placed f11] the s]ope of the

‘curve may be regarded as the compress1ve stra1n of any
f;1ntermed1ate 1ayer f However, apprec1at1ng the settlement

'.5 mechan1sm 1t 1s rea]1zed that prev10us 1nterpretat1ons may

’Tgnot be. used 1n the present case | In Flg 3 3, 52-i‘5 the

.;Q:.compress1on of a 1ayer W1th a th1ckness h2 caused by the loadef_f.f

(H'Qh ) wh11e 6]' 1s the compress10n of a layer w1th thlckness

':-'fh]‘caused by the load (H'-h ) Settlement 62; and d]

 ';funct10ns of two d1fferent Ioads The ratio (6 -6 ')/1 1s not

)'“1,re1ated to any swngle stness and hence 1t 1s not the compress1ve

?fsstrawn of layer A Consequent]y, oge settlement profﬂeG

*'fcannot be used to evaluate correctly the elast1c modulus of

AR R

\."



V.’tway shou]d constltute 1mportant parameters to be used for the

ahy tntermediate 1ayer ih the.ftlt B '.\ . |
The tangent]al modu]us of ]ayer A however, can. be
esttmated from the two settlement prof11es as shown 1n A. 2
rFigu,3a3.t the 1ncrementa1 stra1n [( ‘ﬂ -46] )‘eAtéétg )]/1

.TS causeg by. 1ncrementa1 stress y(H"-} Hf), The rat1o of
these 1ncrementa] stress and stra1n should 1nd1cate the .
\';utangent1a1 modu]us of the layer _ For the case whe the f1]1

.'has a constant modu]us the*use ot equatton 3.1 1nd1cates

| that the ratio is equal to modu]us EC . | h
S For a dam prOJect in wh1ch a test embankment is
constructed dur1nq the de51gn stage,.1t s extreme]y va]uab]e
| ;to emp]oy the prev1ous method for est1mat1ng the e]ast1c
modu]us of the mater1a1 Sett]ement proflles requwred for
.tre est1mat1on can be obta1ned from gauges 1nsta]1ed 1n the

‘

dtest embankment . The e]asttc modu]us evaluated 1n such a

: pred1ct1on of deformatlons 1n the ma1n dam :t-“
3(‘;;~1n1te E]ement Stress Deformat1onf3 R S ER
- Ana]xs1 ﬂ'ff]-;_;)a~; s :‘f:gjfjlg__fef”jt}w'. ’
;‘“f: The f1n1te element stress defOrmat1on analys1s 1n ff]"'

’{hlt work were performed by us1ng the coyputer program g1ven

*

c,;_1n Append1x B Th1s program uses constant stra1n trxangu]ar ;ffuﬁ

,=e1ements each hav1ng 51x degrees of freedom bMore ref1ned
"t;elements such as quadr11atera1 e]ements, each hav1ng four
r,constant stramn trlangular e]ements (Covarrub1as, 1969)

3"ftwo 11near stra1n truangu]ar e]ements (Fe11ppa, 7966) are
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The Tess satisfactory resu]ts of USTng constant

stra1n tr1angu1ar elements dsually occur at: h1gh shear stress-

,zones » Such zones exist in the dam and are close to the ':‘t_y

'1nterface between core and sheT] _In the present 1nvest1gation_e

”f1ner mesh was used over expected h1gh shear stress areas It

s

is be11eved that th1s approach e11m1nated the errors wh1ch l

m1ght otherw1se ar1se from us1ng constant stra1n e]ements As’

/:

has been shown (Kr1shnayya, 1973( )) for 5011 strudture '

prob]ems accurac1es comparable to those obtawned w1th mo;e

ref1ned elements can be achleved w1th the constant stra1n tr1~jl:f

fanguTar e]ements The equat1ons are soTved by Gauss Seﬁgel

AN

1terat1ve procedure The present program was mod1f1ed from

| FENAZD used by K1rshnayya (1973(a)) 1n the study of the crack1ngﬁ;

of. dams The foTTow1ng add1t1ona] fac1]1t1es were 1ncorporatedfik

-an the new program

.( ) )

H._Fyhf.for the eTements _.T'fte-'
@)
L w

The automat1c generataon of mater1a] types 3

The automat1c Qenerat1on of overburden factors S

. B ._._‘

‘Nr1te or read data to or from tapes

NG R

The calcuTat10n of non11near eTast1c”parameters

et

H:cﬁifrom funct10na1 express1on5"1 e. Ah?perboﬁlh

”'nynct1on or power functlon) . gga ﬁﬁv’e}

RO

2

-?4 .

The performpnce of an "effectwve stress“ analys1s;BVJﬂ

lfﬁfw1th the assoc1at1on of pore pressures ana]ys1s

In th1s study, severa] types of stress deformat1on

ana]yses were performed They are 1ncrementa1 11near analys1s{f@jﬁ

nop 11near analys1s, totaT stress a

,:\

*Ty51s and effect1ve stressﬁtjf
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-ana1ysis In non- 11near and 1ncrementa] 11near analyses, the
f;]oads were app11ed in a number of smal] 1ncrements However,

.1n the former ana]ys1s a p1ece w1se 11near re]at1onsh1p betweenA -
stress and stra1n was assumed dur1ng each 1ncrement of load |
and 1n the 1ater analy51s, constant e]ast1c parameters were
used in a][:the 1ncrements In nonllnear ana]ySIS, "averaget

'5modu1t"'procedure was used to obtaxn e]ast1c parameters |
‘A”correspond1ng -to the stress state for each 10ad 1ncrement The o
‘detalls of this. procedure have been descr1bed by K1rﬁmayya(}973())}.

P01sson s rat1o was . not allowed to exceed 0. 49 in- |

'_a]] the analyses performed X Some elmwntsof the const1tut1ve
I'matr1x w111 become 1nf1n1te when P01sson S. rat1o 15 equal to
"iO:SJ{ It FS W1de1y known that th1s 11m1tat16n 1s 1nherent 1n
"._the formulat1on based on the mlntmum potent1a1 energy pr1nc1p1e ﬂf?f
”3'Desp1te th1s 11m1tatlon,_reasonab1y good correlat1ons between “2T‘7

'rthe results of ana]ys1s u51ng maxxmum P01sson s rat1o of 0 49
_ "and fwe]d observat1ons have been ach1eved 1n a number of cases }Ijh
‘aﬁ,(e 9.5 Ku]hawy et a] 1969, Chang and Duncan, 1970, Ku]hawy‘ |

: FE TR
",and Duncan, 1970), 1nvolv1ng near]y 1ncompress1b1e so1ls hﬁpask,.fg

r'3‘ﬁ Load Transfer in.a Zoned Dam
> Dur1ng Construct1on o -~-j“

. v

"*<V_f The stress cond1t1ons 1n a zoned dam dur1ng construct1on

”Eare 1nf1uenced by two MOdes of load transfer Ihese are (a)

s R

5[TFToad transfer from embankment to abutments (1 e cross valley

fi?arch1ng) and (b) 1oad transfer between core and she]ls In th1$
;f study, the 1oad transfer 1s, unless spec1f1c1y stated otherwlse.-~fh

'“°7fgenera]1y referred to any vert1ca] stress state dev1ated from ‘@5ff



lol
that under one d1menswonal un1f0rm compress1on cond1t10n
Load transfer occurs in a dam as a result of a relat1ve
dlsplacement or-a d1fference in compre551b1l1ty of materlalSJ
Its ex1stence was ev1denced by pressure cell measurements n

J
"a number of earth and FOCkfl]] dams (e.g, Holle and

Harspranget dams by Lofqu1st,;l95l Gepatsh dam by 5chober,»-;
l967, Scammonden dam by Penman apd. Mltchell l970)

Load transfer from embankment to abutments develops
k due to dlfferences in. settlements in the embankment across the

valley and higher compre551b111t1es of embankment materlals -

- compared to rock abutments As long as: the dam is: bu1lt ina

N

more or less - shape valley, regardless of whether the-

R foundat1on is- compre551ble for 1ncompre551ble, dlfferentlal

settlements across the valley always ex1st Due to the varlatlon“

B

in th1ckness of embankment along the valley walls, settlements

1n the embankment decrease from a maxlmum in. the center portlon:dfﬁl
of the valley to a m1n1mum at the two edges The 1nten51ty of h
these dlfferentlal settlements and hence the 1nten51ty of cross-.im;
2 valley arch1ng 1n a dam is malnly related to the steepness of -';ﬂif
| the valley walls : More s1gn1f1cant croSs valley arch1ng S

“ always related to steeper valley walls The magnltude of

cross valley arch1ng can be stud1ed by a plane stra1n analy51s\j~”37
on a lOngltud1nal (cross valley) sectlon | In these analyses,» |

’ the effects of cross valley arch1ng are separated from comb1nedi:-7'
‘effects,;wh1ch 1nclude load transfer between core and shell on: |

the actual dam behaV1qyr In plane straln analyses performed

by Lefebvre et al (1973) for dams in, V shaped valleys w1th .thff



Ai;model dam w1th a central clay core hav1ng dlfferent elast1c

| | | 102
;three d1fferent valley wall slopes, it was 1nd1cated that maJor
pr1nc1pql stresses in the lower_central region of the dam are -
about’80%, 94% and 96% of overburden pressures . for‘l'l'(l
'.horizontal’ ] vertical - 3:1 and ‘6: l sTopes. respectively
Three d1mens1onal analyses on homogeneous dams with -the same
materlal property and the samegupstream and downstream slopes
| but different valley wall slopes are also very useful 1n the '

' study of cross valley archlng (Lefebvre et al l973) The
results can clearly show the d1fferences in three d1menslonal‘_
.behavwour relatlve to ZD due‘to d1fferent degrees of cross valley-'
arch1ng However, the maJor pr1nc1pal stress reducttons 1n
.the central reg1on of the dam for each geometry should not

»totally account for the cross- valley arch1ng effects <Load
'red1str1but1on 1n transverse d1rect10n due to the nearly trl-'
angular sect1on also reduces part of th load Th1s effect
¢scan be shown by plane strawn analys1s on homogeneous transversev
‘fsect1on and 15 referred to 1n a subsequent d1scuss1on Pahmwton
‘e (1972) performed a nonl1near three d1mens1onal analys1s on a
dpropert1es as compared to the shells The dam was bu1lt 1n a -
'.f‘vvalley w1b§ T 1 wall slopes The results of the analyses were.*

A
compared to those obta1ned from two d1mensxonal plane stra1n

ffanalyses on the max1mum transVerse sect1on of the same dam

vslThe compar1sons showed that due to cross valley arching effects

’:fthe reducthon 1n maJor pr1nc1pal stresses near the base of the 1f7fi.f

f’core amounted tJaho% of plane stra1n values o
' Load transfer between core and shells, develops due to

'gthe d1fference 1n the compress1b1l1t1es of mater1als\1n the zones;:es

)



4 S .03
As a result of thesé differences one zone tends to sett]e\more
thap, the other under self weight. The relative displacement

—F

- mobilizes the‘shear stress at'theuinterface and hence 1oad is.

“transferred from one zone to‘anagher in the embankment. Although

“load can be transferred from core to shells or from she]]s to’
core depend1ng on the re]at1ve compress1b111t3es, the former

“case may be of greater concern to dam des1gners since near-

hor1zonta1 f1ssures may develop through the core. 'In order to'

a

eva]uate vert1ca1 stresses 1n the core under arch1ng cond1t1ons
'Nonve111er and Anagnost1 (1961) cons1dered the core 1naa state
of plast1c equ1l1br1um.' wh11e the theory appears to be usefu]
for th;thstate~of eoui]ibrlum,'tt-cannot be used to eva]uate.fa
theAStreSSes-in elastic'eqdilibrium B]1ght (1973) used an
effect1ve stress theory to cons1der the vert1ca] stresses in.

a nanrow core whith settled. more-than the shel]s : The over-
.s1mp11f1cat1ons in the vert1ca1 stress d1str1but1on patternG
across the w1dth of the. core and the s1opés of the core 1n thlS

‘theory may 11m1t the use of the so]ut1on

Ln order to study the load transfer under var1o S '
: re]at1ve St1ffnesses or compress1b111t1es between core ‘an
7»,she1ls, a SYmmetr1ca1 ha]f of a typ1ca] medlum s1ze dam w1th:
E a central core was used 1n f1n1te e]ement parametr1c ana]yses.
The sect1on is shown 1n F1g 3 4 In the analys1s,.EYe core

1Aand the she1ls ahd the same un1t we1ght (140 pcf) and the same

"‘P°1SS°" s rat1o (O 35) | The YOUHQ s modu]us used fol the dam'c:a-7'°/

was LOOO ksf Ten l1ft 1ncrementa1

- ana]yses were pe':fm«med From the resu]ts of these ana]yses, wh1ch are

v

\

e
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mo rshown in th 3 5 1t is c]ear]y 1nd1cated that when the shell

is'stiffer, the load s transferred from the core to the she]]s

\

ﬁﬁ' , As a resu]t the magor prlnC1pa1 stresses in the core are much
'ié“ “less than the overburden pressures' When the .core is st1ffer,

the calcu]ated maJor pr1nc1pa1 stresses 1n the core are genera]ly
h1gher than- the overburden pressures due to the Ioad transfer

from shell to core. As has been mentloned.prev1ous]v,_due toA

the shape of the‘transverse section even when:the‘dam was

-1;~homogeneou5'(E shell)’ the maJor prﬂnc1pa1 stresses1n/the o

core:
core m1ght not . be expected to be exactly equal to overburden .

pressures . In the present case, it 1s about 90% of the over- }a'”

burden pressures From the same figure, it can be seen thqt

' when Esh ]i 1s about flve t1mes of E L or t 15

o?é core/Eshell

,.‘.

equa] to 0.2 (thls 1s ot an uncommon ﬁ1tuat1on and may be :

.//

' exbected in zoned - dams), the max1mum'ma30r¢peinefpal stress

nearb the base of the core can be as low as 50% of the overburden pressure..;f

}-”:13 5 The Use of ‘Twa_Dimensional Analyses 's,”;ﬂ,f,c9~'“V
1n Deformat1on Studdes.:_ R A,”'rf',fF'“

» | In the prev1ous section, the var1at1ons of the magn1tude'
Jof two modes of 1oad transfer 1n a Zoned dam have beenif°
dj50ussed separately In a rea] structun , the stress ;]7
cond1tdons are 1nf1uenced by both the|l5§#ttry of the valley

and the mater1a1 propert1es of core and shells. Thus. it is,?&:Wh
understandable that more rea11St;c three dimens1onal stress |
and d1sp1acement results cam»oply be obtained by three 1fjff?}f7tf{7
d1mens1onal f1n1te ehmmnt dna]yses wh1ch take 1nto account 25
the comb1ned effect of a11 the components (E1senstein et al

1972(a)) However, 1t 1s genera11y known that 3D ana1y515
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R

requ1res con51derably more man t1me and computer t1me comparedf

to 20 ana]ys1s For the case where ZD ana]gs:s can prov1deﬁ

 sufficient accuracy, 2D analysis is st1|1 preferred

N Two d1mens1ona1 analyses w1th the assumpt1ons of
. - (
elther plane stra1n or p]ane stress condltlons on max1mum

long1tud1nal sect1ons do not prov1de correct 1nformat1on

regard1ng the d1sp1acements or stresses 1n a zoned damt_ﬂInv S

" the analyses,\the d1fferences in mater1a1 propert1es between

'vcore and shel]s cannot be t!ken 1nto account As-has beenvh f.

“shown earller, these d1fferences 1'{luence s?gn1f1cant1y

‘the stress d1str1but11n 1n a. zoned dam. i Even for homogeneousi'"‘“

dams, due to.the unrea
Vthe resu]ts of plane stress ana]ys1s cannot be used to‘d"'

descrrbe the actual behaV1or (Lefebvre et a] 1973) Plane

stra1n analys1s on~a max1mum longwtud1na1 sect1on of a. '{,f

~'homogeneous dam can g1ve fa1r1y good results for d15p]aceme4§§{_k

Lo

~.and stresses in. the upper part of the dam However,

*d1fferences in stresses as compared to three dlmensiona] case;“ﬂ*“

-are st1l] 51gn1f1cant 1n the Iower port10n of the dam g,”“

| ﬂ(Kr1shnayya, 1973(a))

R two d1men51onal plane stra1n analys1s on a max1mum

v'transverse sect1on can prov1de reasonab]y accurate rdsults

11st1c boundary cond1t1ons 1nposed j_”; LT

"fprov1d1ng the dam 1s not bu1lt 1n a very steep wal]ed V- shapedfﬁ;fif

'”valley Lefebvre et al ”(]973)/§howed for va]]ey wa]]s

:1nc11ned at 3 1 (hor1zonta] vert1ca1) or flatter that the

"stresses and d1sp1acements obta1ned from ZD analys1s are [“ﬁf:ﬁ.i77
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not 51gn1f1cant]y d1fferent from 3D results of the same |

‘t;sect1on For steeper valley wa]ls ﬂe 9. 1 1 slopes)

__Pa]merton (1972) 1nd1cated that wh11e stresses from 20

ana]y51s of a zoned dam are 1ess accurate as compared to 3D

t:resu]ts, the d1sp]acements are’ in good agreement The |

agreement appears to be - due to: the h1gher 03 va]ues in ZD L

-analysis. - A reTat1ve]y 1nterest1ng study was performed by ‘f o

:S1mmons (1974) 1n the aspect that is present]y be1ng dfscussed

The actua] geometry of M1ca Dam, wh1ch 1s s1tua¢ed 1n a -

Tvalley havxng walls w1th a- s]ope of about 2 1, was used 1n

V:the stud1es Remarkably small d1fferences were found 1n f,]“

‘;stresses and deformatnons obta1ned from ZD and 3D analysesA

of the main transverse sect1on f ffijnglf*juﬁéw'“ff‘1“;;h; ;75;{?ii
}‘ Based on the prev1ous comments and two other reasons:

,descr1bed 1n theafollow1ng paragraph, two d1mens1ona1 plane .

stra1n analyses performed on max1mum transverse sect1on were

f_ ma1n1y used 1n the present study regard1ng the deformat1on of

fw a zoned dam. The other reasons are R }' | 1 o

| (1)”_The pore pressure d1551pat1on 1n a narrow clay

‘“.}% u_f 1'5'jcore can be 1ncorporated 1n the ZD stress—;hf'

"iffdeformat1on analyses in a way wh1ch 1s

ﬁ“:' cons1derab1y more fea51ble compared to 30 analyses

'"‘;fMoreovers from the geometry of the narrow c]ay

;‘core 1t may be expected that the pore pressureﬁ':"

"-f:‘d1ss1pat1on is malnly two d1mensional and takes;;fff*



. }-deformat1on ina maX1mum transverse sect1on of a dam.f

*f];Deformat1ons 1n thws sect1on are ma1n1y a funct1on ofﬂstif

~;‘;sthe 1nf1uence of var1ous degrees of core shel] 1oad transfer}

| | | 1'07‘.'
‘placé 1n transuerse“sebtions | | .
. (2}_ADeformat1on results from f1n1te element ana1y51s
‘ Zate sens1t1ve to number of 11fts and the'j~
| csvmu1at10n of construct1on sequences used in :.’r.:
the ana1y51s In order to study the representat1ve_,y
i_.stress stra1n propert1es of the mater1a1s by B
ver1fy1ng the ana]yt1ca1 results aga1nst
' measurements,-1t 15 h19h]y de51rab1e to ‘
,m1n1m1ze the errors due to preced1ng factors;
B The two d1mens1ona1 ana1y51s can afford to use~l';lffﬁ
-[{a more deta11ed s1mu1at1on of constructlon .
.sequences and number of 11fts hence m1n1m1z1ngff,:’

- EY‘Y‘OY‘S '

,'3 6 Deformat1ons and Relat1ve St1ffnesses {1f,;m“ ;}fd"e;f;W‘;
' Between Core and She]]s " : : ,.;a; ST

The 1nf1uence of 1oad transfer on the deformat1on g

A-behav1or df earth and rockf111 dams has been emphasized by};}'i;;;ﬁz
\.Squ1er (1970) | The case records of two 1mportant earth andili;df:-f

Lrtrockf111 dams were shown to 1nd1cate c]early th1s inf]uenceﬁ? l7i =

'As dtscussed in a. prev1ous sect1on, two d1mensiona1 plane

-stra1n analyses can be used eff1c1ent1y to study the

!

in: the core and shel]s and the1r rat1o From the results

-ffof the ana]yses performed on the sect1on shown 1n Fig 13_¢




on the max1mum settlement in the center ot the core may be
examxned. In Flg 3 b, d1men51onlesé maximum: settlements

"are plotted aga1nst rat1os ot Ecore and ESh ]1 The E value RO

of 1000 st is. used in the presented d1men51onless,settlements

»»‘From th1s f1gure. 1t is seen that the max1mum settlement 1n f»

1‘37510pe surface are also plotted agalnst E

| o[_same as that for the settlements 1n F1g 3 6 The increase ti“:fk

the core decreases w1th 1ncreas1ng stlffness of the shells '.,
.The amount of reduct1on was espec1ally sign1f1cant for the
range of E ﬁ 1] équal to f1ve twmes E e For the case where

core 1s st1ffer ‘than the shells (E l) the effect. z;fg

core/Eshell
of load transfer from shell to core was outwe1ghed by the

-

5”~effect of the 1ncrease in stiffness 9f the core As a result;hf*<
S, . -

;-max1mum settlement 1n the core decreases w1th the lncreastng

/E

core shell , S 4 : B
In F1g 3 7, maxlmum outward d1splacements of the

ratloq.l’th'””

core/Eshel] rattos.

'The £ value used 1n the d1mens1onless d1splacements 15 the

*qn core stlffness (E /Eshe]l > l) had only a m1nor effect

core

}",?on the outward dlsplacements of the slope surface “'However, efgﬁ_f

= fthe 1ncrease 1n shell stwffness (E

.'thcantly reduced the outward d1splacementsa

<

core/ shell ;?) 519"ifi‘”j3373«5

B From the preV1ous parametr1c stud:es,~1t ls clea-ﬂ
' Tthat Stlff shells can effectlvely reduce the defo ati

5-1n a. zoned dam Although an lncrease in the stiffn 55

xfshells alone can also reduce the settlements rd_”ff”



~;ﬂfhe1ght are plotted In two locations of the dam K 1s constant

v'wpﬁeven though the1r value differs someWhat for dlfferent Tocat1onsfdf

U | ‘. '-Tog};°
This. 1s because very Tow stresses resu1t1ng from s1gn1f1cant .
110ad transfer may fac1]1tate the deveIOpment of hor1zonta1 .
cracks 1n-the~core The 1ncrease 1n st1ffness of she]ls

1s preferab]y accompanted by the rncrease 1n core st1ffness

In terms of the deformat1ons and safety of the dam the 1dea1

1n the range of 2 to §.r7ij

1s}to matnta1n the rat1o of Eshe]1/Ecore

3.7 Pr1ncipa1 Stress Rat1os 1n a Dam fff

s S R Lo
The stress cond1t1ons in a dam“dur1ng conslruct1on }?f'FVf“
A(v:vary from one ]ocat1oh to another,.e g the stress cond1t10ns

‘near the slope d1ffer from those 1n the center of the dam .

If K is. used to de51gnate the rat1o between mlnor and maJor ﬁ%;?!ii
,tpr1nc1pa] stress 1ncrements,’1t is found that the %/value for
'_most e]ements of so1l 1n a. dam 15 approx1mate1y constant Th1siffh
“‘tOnd1t1on may be 1]1ustrated by the stress analys1s results i

.‘non a transverse sect1on of a mode] dam.Q'In_thf:3‘8 the

hfcaiculated m1n0r and magor pr1nc1pa1 stresses resulttngﬁfrom

'_feach add1t1ona1 compacted 1ayer of the dam up to 1tsvm'f.‘ o

hw:In a ma;pr part of the dam, K values fall w1thin a narrow
'ffrange and an average of these va]ues may c]ose]y represent
igffthe va]ues at every part of the dam BN

In order to study approprxately the stress -strair

1?}behav1or of a so11 used 1n the f]]] of a dam, th1s const"



.element analys1s Uepend1ng on the stress rat1o K .the ax1al
,stress stra1n re]at1onsh1p of a’ so11 under an: ax1symmetr1c;*7u_
stress cond1t1on wou]d vary Tnls var1at1on 1s 1llustrated ferijf
‘1n th 3.9 by compartng the exper1mental stress straln ‘“‘..J;
".ﬂbehaV1or dur1ng 1sotrop1c and convent1ona1 trlaxlaT compress1on 5
f:Aon 1dent1ca1 spec1mens ; The stress states 1n these two load1ng
~“b_paths are the spec1a1 cases of constant K condwtlon Thei‘h“t'
‘f;va]ues of K 1n 1sotrop1c and tr1ax1a1 compress1on are.equal to
,bne and zero respect1ve1y The stress stra1n curve for the
fAlsoll hav1ng a K value between zero and one may we]l be expected

vfo 11e between those two curves S1nce the ax1al stpess_n”{ﬁ,,;‘ N

'TStratn curve of the 5011 ds genera]]y used for dr1v1ng

'neff1e1ast1c modulus, there 1s no doubt that the pr1nc1 a] stress

::7f<rat1o would lnfluence the elast1c parameters._ The var1ations

”-Ehﬁ%of elast1c parameters wtth pr1nc1pal stress ratiosifor two

”'fti3 8 The Influence of An1sotropy On

fizstress ratlo K

Embankment Stresses and D1sp]acements

n»:{ﬁrolled 1n hor1zonta1 ]ayers, _;:f:f.felz

ﬁV;some degree of an1sotropy ex1sts;”5*
'“d;property is 1nd1cated 1n:the repor edfﬂfj

»Wecoeff1c1ent of permeab1'




hifd1rect1ons for several cbmpleted dams (Sherard et atl. 1563)::
However, due to fewer parameters needed to descr1be the 5011 di“:
'behav1our, stud1es related to embankment performance so far
”‘have always assumed the propert1es of compacted mater1al to be 1sotrop1c'_.fj.‘-

')'io -

§ fhe 51mp11f1cat10n is: cen\§n1ent anz useful in SQJvlng R
'.pract1ca1 prob]ems The adequacy df{assum1 g

‘ 1sotropy 1ne ) ff~?“é
stud1es re]at1ng to the stresses and d1splacements of several 47g
'{;dams has been reported (clough and Noodward, 1967, Kulhawy

"and Duncan,.1970 E1senste1n et a]., 1972) -.However, the ;:;?L*q{

'1”genera1 u'e of th1s assumpt1on w1thout know1ng how much the Adﬁj;
:; anjsotrf y 1nf1uences the stresses and d1splacements in the E

'[aembankmentf”1ght be quest1onab1e.~ In the fo110w1ng SeCt*°"s’?ﬁ;¥e:

. e

',h;gsome aspects regard1ng the stress stra1n parameters of an
"s'an1sotrop1c mater1al are d1scussed and a parametr1c study
'f:g;1s conducted on a model dam to 1nvest1gate the d1fferences 1n

’_jbehav1our due to anvsotropy The mater1a1 1s assumed 11near

z}l*e1ast1c 1n the Study vagfx“{f?;,yﬂuﬁj;r'f‘“'

“t.‘.. .

'r§f-3:3“1' SfrESS Ltra1n Re]at10nsh1ps for ﬁfﬁaﬁntq
- An1sotkop1c 5011 S _”wlzji

z;l_fblast1c symmetry To ensure the existenqeto

'j;for the most genera] case of an1sotropy, twen

{.}f:parameters are needed tovdeterm1ne the complete ¥
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The -form’ of an1sotropy that usual]y occurs 1n
construct1on materla] 1sorthogona11y an1sotrop1c A body
‘sof this form of an1sotropy has three orthogonal p]anes of ?ffv7{”
nelast1c symmetry at each po1nt and n1ne elastlc parameters .
'are needed to descr1be 1ts e]ast1c stress strain response
d.Among all these forms the S1mp1est casei,and the one. 11kelyyffﬁ}5§$
(' tto be encountered 1n geotechn1cal ) engtneer1ng occurs whenj:onf;,?
.',the pr1nc1pa1 axes of an1sotropy are everywhere vert1cal L |
and hor1zontal and when the propertles 1n al] hortzontal
«‘_d1rect1ons are the same*c Th1s k1nd of an1sotropy h lsfi;s%f;f{f[;

.

"genera11y been referrep to as cross anisotropy or transverse

d~:efe1sotropy f Tak1ng horlzontal p]anes as x y planes and the ver;nng

‘;tlca] d1rect1on a;the z- ax1s, the stress strapn re]at1onsh1ps .°f"°

"'l;for cross an1sotropy so1] can be expressed as

1%




~_'_1 1_3
'whereiEH 1s Young S modu]uslln the hor1zontal d1rect1on;

tEQ is Young 'S modu]us in. the vert1Ta1 d1rect1on G, 1s~the ﬂd Sl
_ shear moduIUSf1n a vert1ca1 p1ane, vHH 1s Po1s£on s ratdo' :

| for stra1n in. any hor1zonta1 d1rect1on due to a horizonta]
d1rect stress at r1ght angles and VHv 1s Po1sson s rat1o ‘?;_i;;/

for stra1n 1n the vert1cal d1re5tj:‘ due to aﬁhor1zonta1

d1rect stress As may be noted ther:' ir-andependent fhiifﬂ
e]astwc parameters 1nvo1ved 1n the re]atlonsh1ps 'rjhgﬂdxf*fzaffff~

fo]low1ng equa11ty, WHICh was proved by Love (f892), was ;151f3;fj;
1ntroduced 1n the formulat1on of the prevrous equat1ons l

B

Hii?ffHYff}?iﬁiihig 3[?:“;:;fﬁfhf%1o‘i&f?fd(3}§i5;it'ﬁ

where vVH9ws Po1sson s rat1o for strawn 1n the horlzonta] _f:]g.
d1rect1on due to a vert1ca] dlrect stress

Usnm the coord1nate transformat1on procedure of )
Lekhn1tsk11,(1953) the Young s modulus E for_angantsotropic

be 1sotr0p1c un]ess G




parameter, 1t can have a value wh1ch bears no- re]atlon-._'r.‘ -

sh1p to other parameters Therefore,.aIthough EH E;sindf

'vHHr=vav'are necessary to ensure 1sotropy they are not

- }suff1c1ent

. e'

_ In v1ew of preV1ous d1scuss1ons,r1t m1ght be clear

.that compress1on ﬂests on spec1mens samp]ed w1th the1r axes

“in hor1zonta1 and vert1ca1 direct1ons may be used to determ1ne

‘_-the four 1ndependent e1ast1c parameters for an1sotrop1c-fso1l
_other than G In order to determlne G re11ab1y,ya

‘"compress1on test on spec1mens samp]ed w1th therr axes 1nc]1ned

h{at some ang]e 6 (45° 1s an obv1ous cho1ee),1s necessary From,;;l;

"derth1s test,'fE8 or E450 can be determ1ned and hence G can be
’qcalcu]ated from equat10n (3 4) w1th the known values of e ffi{ﬁ&}é
”E | E'h E and V- For an 1ncompre351b1e mater1al, wh1ch e

~H vH

':xjmay represent a so11 under cond1t1ons of fu11 saturat1on and

';t'from f1ve tb three, namely E EH and G,;

:fho dr81nage, the 1ndependent e]ast1c parameters are reduced

wHowever,

F'ﬁcompress1on tests on three spec1mens as ment1oned earl1e'

:gare st111 necessary for the determ1nat1on of these Parameters}‘i__;

The other two prev1ous 1ndependent parameters are now relatp”

fhaptto these parameters in the follow1ng way'7h”u\"
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*

]

[hese re]at1onsh1ps can be convenlently der1ved by

w

B ,5ett1ng the volumetr1c stra1n under genera] stress cond1t1ons

_ ‘equa] to zero.

-

By further reV1ew1ng the vo]umetr1c stra1n and stress .
‘ ‘re]at1onsh1p wh1ch can be expressed as fo]]ows, another N
1nterest1ng behav1or of an1sotrop1c mater1a] can be observed

'Tf‘:.. .HE

;ébc;1_=»‘ft;"Cﬁ1ijnf. | )(° +°y)*( V‘_§2?ny):ng_”i,*_;s

!x :

m

e A e S
ES Kanj‘qoctbibs.,:t'_sh;‘e.:;s};-;r-,;;vfﬁfﬂ*i;pgg;ﬁtjf;'-

- where

(T.VHH:v HV)(U +U )+(n.7ﬂ?yHV}7¢in_  .  L =

i1s express1on, 1t can be seen that, unIike

. "*theﬁ ;}s of 1sotr0p1C mater1a1,u' depends not

e

te:s1gn of e depending on whetﬂir :_ffffl;ffffg

Js.p01nt 1mp11es that d1latant mate"fal may be .

;bffjtreated by an1sotrop1c elastic theOry (Picker1ng, 1970)
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- 3.8.2 Bounding Values. on. E]ast1c
L Parameters

S1nce it was assumed that a so11 may be treated as .
an elast1c mater1a1 ‘the: parameters used for descr1b1ng’*‘}
the stress stra1n relat1onsh1ps of anlsotrop1c 5011 as '
presented 1n sect10n 3.8. 1 must sat1sfy the stra1n energy ft
requ1rement for that mater1a1 -It 1s cTear]y recognlzed
~from thermodynamwc cons1derat.ons that the stra1n eneiqy

of an e1ast1c mater1a1 shou]d a]ways be p051t1ve Byif

‘__expre551ng the stress stra1n relat1onsh1ps 1n sect10n 3 8 1

v \1n matrix from as {e} [C] {0}, the stra1n energy per un1t

..‘mfcond1t1on (G]bson,_1974)

J.

.vo]ume of antsotrop1c so11 can be eva]uated from {o} [C]

-

btd};_ To ensure th1s value w11] be pos1t1ve, the e]ast1c';

fparameters are bounded on thetr values as fol]ows

'(chker1ng, 1970)

jf(]);fEHQVE and G QVd[figté?_ﬁfj;tjf e
'.>‘2)4]71 fsVHH < 1 - 2 (v (E ) S
RRR et --,3._ o

U For an 1ncompress1ble mater1a], the f1rst of the-ﬁ

7Qh~prev1ous two cond1t10ns 15 necessary, wh11e the other 2355&

T




My

3;8.3' An1sotrop1c Analxs1s J} a
' Model Dam .

The sect1ons shown in Fig. 3 ]0 represents a

symmetr1ca] ha]f of the max1mum transverse sect1on of a.

e med1um,s1ze dam.  In. order to study the 1nf1uences of

*'jh_lb/ft The foundat1on

’fu},plane stra1n condltlons The stress stra1n relat10DShTPS

~anisotropy ]this'same sect1on was used in all the anaTyses'
wﬁth[difterent*aniSOtropfc- elast1c propert1es for the - -
'material;, D1fferent an1sotrop1c propertles were 1ntroduced 'f'_fi
‘by varying one or two of. the five 1ndependent parameters p
_d1scussedxprev1ously In- part1cu\ar, var1at1ons of EH’ N

~vHH and G from the va]ues requ1red for 1sotrop1c cond1t1ons-§.’
were of partdcular 1nterest Parameters E and va were -

kept the same in all the ana]yses Instead of. VHV’ 1t i’
'more conven1ent to cons deh\QH as. an 1ndependent parameter L

in th1s sect1on Deta1¢§€a€$the va]ues used for each parameter
"7h1n each ana]ys1s are 11sted 1n Tab]e 3 1 ‘ A total of nlne
'analyses were. Performed g "f_" i :“ '_;.

In all the analyses, 1t was assumed that the dam was

upport1ng the dam was assumed to ?*fj’%}’

ffbe r1gud The sect1on was assumed to be deform1ng under~ hj?;,eg'i

*Vlconstructed 1n ten hf\§ and had an average density of 140

6

- f(tfor crass- ah1sotrop1c mater1al 1n p]ane strag@ cond1t1ons i*;ﬁ%ég

¢

‘e?can be. de 1ved from the three d1@ensiona1 re]at1onsh1p

| 5f3d1scussed in sect1on g, 8 1 by sett1ng zero normal énd shear ff};%jgf

',Z“stralns re]ating to the p]ane normal to X or y d1rect1on ?J,ﬁ,;ﬁlg

: *f?iln the analyses, the [D] 1n [0] [D][E] re1at1onsh1p can f}i;;ff?f

0 ©
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()

f‘_-be expressed asrfojlowsf(Zjenkiewicz'and Cheuhg; 1967);-;
n{l-nv,y )'A"va(l+yHH) Of

..EV .

o o Th=vgy-2nvggd | avyy ) = S 0wy

By Gy T

. | :_9 ‘f”’“\*; ‘

3.8.4 Resu]ts of the Analyses
' Resu]ts of the analyses are shown 1n F1gs 3~Tt4to

‘d3.14 In these f1gures, the settlements along the centre line R

of the dam; hor1zonta] movements at a he1ght of 0 4 H: and

Co . \

’shear stresses along the base of the dam are presented
Hor1zonta1 movements at a . he1ght of 0. 4 H were Qtéﬁ‘ed
due to the fact that a max1mum value occurred about this
elevat1dn From Figs 3 ]1 to 3 13 show1ng 1nd1v1dua1 l ‘
1nf1uences of G :EH or VHH’ 1t can be noted that sett]ements
decrease and shear'stresses along the base of the dam 1ncrease fd

gpth the 1ncrea51ng Gv’ EH or vHH L Outward homzontal
. : : AR @15%' AR



&

vy

‘ disp]acements decrease. with increasing G and decreaswng

EH or vHH - By cons1der1ng approx1mate1y the same percentage

of deviation from an. 1sotrop1c cond1t1on, 1t was found that

: fthe parameter EH had the most s1gn1f1cant effects on the

'.embankment behav1or If° E 1s 50% 1ess than the value :

requ1red for 1sotrop1c cond1t1ons, the resu]ts calcu]ated

D)

dfrom 1sotrop1c theory wlll underest1mate the actual maximum

settlement by about 20% for values of the parameters.il

cons1dered The max1mum outward dlsp]acement at a’ he1ght

‘of 0.4 H and the shear stress; a]ong the base of the dam w11]

- be overest1mated by about 100% and 50% respectively jhffrff”

_r'-

In an actua] cross an1sotrop1c mater1a1 however, the'}kt'

1nequa11ty between EH.and E 1s a]ways accompan1ed by a

'-d1fference in. vHH and v H Moreover, a va]ue greater
’than un1ty for E /E s qulte often accompan1ed by a va]ue
<'sma11er than one for vHH/va or vwce versa This cond1t10n
_*15 especua]]y true for an incompress1b]e material From }ff e
';equatlon (3 5). presented in sect1on 6 8 l, 1t 1s ea51ly
ver1f1ed that 1f E /E of an 1ncompressib1e mater1a1 1s equa1
" tao- 1. 5, then v H/vVH is equal to 0 5 In a cross anisotrOpic '
| dh5011 the relatlve var1at1ons of EH/E and vHH/va may not _. f
'f'_be exactly s1m11ar to an%1ncompres51b1e materia] However,;dfiifr
d'from f1e]d eV1dence, the tendency for s1m1]ar1ty has been d
-17‘:observed ' Se1sm1c tests on a grave] bed beneath the Huskey
”:‘~:“Tower reponted by - Clark and Rob1nson (1971) ind1cated that

,.at1os of Young s modu]us 1n hor1zonta1 and vertica] d1rections
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'ranglng from l 217 to l 81 were accompanied by ratlos of ~ |
P01sson S ratlo in ‘the- same dlrectlons ranglng from 0 46 to,~""
;0;66, Regardlng the ratlos of Young s modulus 1n hor1zontal

~and vertical d1rect10ns, a 51m11ar range of values had also

been measured for London clay (Nard et al 1959 Hard et ‘
"al. 1965) Some measured anlsotrop1c propertles of compacted"”'
4501l were. d1scussed 1n Chapter II X S? far,.complete data .
concernlng anlsotroplc stress stra1n propertles of compacted
mater1al has never been reported 1n the llterature ."_ l h

In sp1te of thlS, Skermer (1973) com%ented that the anlsotropvlnl
in a’ dam was- l1kely to have values of EH/E < T and vH/ Q.é’l;}if

Slnce the fleld ev1dence seems to 1ndlcate that E C

) . ,
‘ and vHH do not dev1ate from 1sotr0p1c values separately, the

o/

E comblned effect of EH and vHH was studled with two sets of

values whlle malntalnlng G at a value equal to E /2(l+u H) fg

Eor,the f1rst 1nvestlgat1on values of EH/E = 1 5 and
9' /u‘r'é 0 5 were chosen and for the second 1nvestigation
E, WEy = 0.5 and v, H/v =15, The results of the analyses N

are shoWn 1n F1g 3 l4 From these comparisons between
R '7%5”w

| results of the flrst 1nvestlgat10n and those of analyses

*[NO-‘ﬂ (Eq /E = 1.5 ,4VHH/va" l) and No 3 (EH/E' =

/v :'- 0 5) of Table 3. l,,or from the slm1lar comparlsons

for the second 1nvestlgatwon,.it is clear that E /Eo has a‘ﬁié,f}

greater effect on an embankment behav10urf’f

the former case, the s1m1lar trend offdev1at10n from

1sotrop1c behav1our.~(ldv set'lements are 1ess than those i¥~*°3

of 1sotrop1c cond1tlons) 1s observed for flrst invest1gat10n »’t
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and ana]ysis No. 4. As compared to the 1nd1v1dua1 effect

- from E or vHH’ the comb1ned effect of E and vHH showed

~a lesser extent of departwre from 1sotrop1c behav1our due .

-to an1sotropy For the va]ues 1nvestigated as may be

./,‘. ‘ -

“observed from F1g 3 14 the differences were about 10%

15% and 20% in max1mum settlements, maximum outward d1s- fn}fv'"'

&

';placement at a’ he1ght of 0 4 H and max1mum shear stress aTongbtﬂn

‘the base of the dam respect1ve1y tg{ﬁ;r
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CCHAPTER IV

.POREgPREssuﬁg AND EFFECTIVE STRESS ANALYSES ~

'4 l Introduct1on‘

-

- dam: dur1ng construct1on 1nvolves ‘the - solutlon of a mov1ng

Estwmatlon of pore pressures generated in an earth

l“boundary problem. Several numer1cal techn1ques (G1bson,_;."”

’j1958 Koppula, l970) have been developed to solve this

7d1ff1cult problem In these methods, total stresses whlch

. :;generate the pore pressures were assumed equal to overburden--ffﬂ

‘pressures : As has been d1scussed previously, vertical

: h‘pstresses 1n the core may dlffer s1gn1f1cantly from overburdeanVﬂf

, faC1l1tates the 1ncorporatxon of calculated stresses._

.'L:pressures due to load transfer., In this Chapter the s1gn1f1-Qf_tl
.ﬂ‘_cance of th1s factor on pore pressures in the core 1s stud1ed;ipf5

| fultha fnnte element program (Kr1shnayya, 1973(5)), which

.a/;;rgj;n;;

Dur1ng the construct10n of an earth dam, excess porej»:.*

- pressures are generated and part1ally d1551pated as the dam flu

: 1s be1ng bu1lt Some deformat1ons take place under relatavelﬁflff

‘f;*und?awned clhd1t1pns and some are due to pore pressure
Jff'd1ss1pat10n._ In order to evaluate total deformat“_'ax
'-'fsummlng up these two components, an effectlve stressranalyslSQ

”-f{1s proposed
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4. 2 A Brief Review of Methods for
“Estimating Construct1on Pore
PresSures E .

! A comprehen51ve reV1ew of methods for est1mat1ng

ifconstroct1on pore pressures 1n an embankment has been made

by Sherman and c1ough (1968) These methods, which Were

‘descr1bed 1n deta11 by Sherman and Clough, are ment1oned only
A»br1ef1y here For completeness,_some methods wh1ch were‘not&

,’f!f1nc1uded 1n the preV1ous rev1ew are also d1scussed L

- Bruggeman et al (1939) proposed a method based i

"don the assumptiOn thatathe t1me rate of change Of tH' sum of d

;Ethe volumes of mo1sture and free a1r 1n an earth mass 1s el

L ’/' -
'h,caused by (1) f]ow 1nto the un1t vo]ume due to perco]at1on.e¢;

'li'and (2) change 1n the free a1r vo]ume due to changes 1n 5”“”;P'"°

d'ﬂfpressure and temperature Thls t1me rate of change 1s

'fftrans1ent pore pressures

- i sl
'*;}equated to the tlme rate of consol1dat1on, and the 1ntegrat10n

' ffof thls equatwon provides the so]utlon for the prob1em °f

i tof air’ 1n water A]though the assumptions*uswdhnbi

11=p?deve10pment of H11f s method 11mit its app1icabi]ity the
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| method ellmtnated comp]ex mathematlcal d1ff1cu1t1es H11f |
(1956) cr1t1c12ed hlS own assumpt1on of no surface tens1on
‘ The assumptlon of no dra1nage 1s overconservatlve, part1cu-«ﬁfr
1arly when 1nterna] dra1nage 15 prov1ded Desp1te the g
drawbacks 1nherent 1n H11f s method 1t often enab]es a e
| "g.reasonable est1mate of constructlon pore pressure “to be made‘ff'
o Wﬂth the ava11ab1e data from consolidat1en and compact1on tests

"G

s ol BlShOP (1954) proposed the use of the pore pressure f]ﬂlv

SN

}’:’rat1o B for the determ1nat1on of pore pressure set up 1n an

: earth dam ‘ Slnce the ratio B var1ed W1th the pr1nc1pal stress

5 rat1o, Aoﬂ/Ao 1t was suggested for an accurate‘determ1nat1on |
' h'of the value,_a test1ng procedure should be used tnlwhich the :

pr1nc1pa1 stress 1n tne tests approx1mate the actua1 s011

stress dur1ng constructaon of thendam”’;" i

o Bishop (1957) found the"ist1mation%ofrpore_pressure T

He pointed'oiw'

to be overconservative.,

p]aced

An approach s1milav' _fo?;ﬁ;jf:




prob]ems 1n earth dams The qqu1pment permttted an analy51$

o of construct1on pore pressures at any t1me durang the o
'construct1on of the dam The method was essent1a1]y for f111

‘_ p]aced under wet cond1t1ons

G1bson (l958) cons1dered the pore pressures set up

ng1n an earth dam as a one d1men51ona1 mOV1ng boundary prob]em \”jfj[

A.nIn the formulat1on,_pore pressure dlss1pat1on dur1ng Const"“Ct-{"f{

"=u¢of earth and rockf11] dams W1thouth a stress ana]ysis,_the

'9ffifwas approx1matéd by the overburden"pressure'dncrement“

”*fﬁgener

?iiflnev1tab]y altered
‘”f n

»U,maJor pr1nC1pal stress 1ncrement requlred 1n th f”rmulatton

'f4 3 F1n1te Element Pore Pressure :

.”f1nsta1ces the accuracy of pore preSSure re

:1on was conven1ent1y taken 1nto account when est1mat1ng pore

ypressures ’:Q*\[

Koppu]a (1970) extended G1bson s formu]ation to

1Vf1nc1ude two- d1men51ona1 pore\pressure d1531pat10n 1n the case fﬁif

KX

Analys1

lly done 1n thls type of ana]ys

Moreov”




‘7f}solved by the Gauss1an e]1minat1on

} was stgnIflcant An 1mproved formulat1on was thus feIt to be |
'f;necessary for the present study A f1n1te element program f?";”;h}
(FECP ZD), wh1ch was then deve!oped by Kr1shnayya (1973(b)),.vff=h
'» was used in. a11 the pore pressure ana]yses 1n th1s 1nvest1-ifﬁf:f ie
9at10n Lf-'; tufffcu ,hffﬁg_tf _ : i e .” i ‘hl
The deve]opment of the program was based on the

3 f1n1te e]ement formu]at1on of the heat conduthon prob]em

dlSCUSSEd by W1lson et a] (1966) The governiw&(d1fferentia15?;F;

equat1on was,

v

f'?;éMbankment mater1a1

':'_yfg_:c§;ﬂthe excess pore pressure

A:f;?:dffgéf‘the total maJor pr1nc1%?"
| ”f{changes occur only due 0 the-

' j;;;t\fjefapp11ed loads

l'tffﬁ;j}ff7the pore pressure ratioﬁ(Ao

o t fe‘ th time fv“é-r_i-éébti*éf'

Z;:ftunctwons were used 1n the program



"fmfPOre pressure can be expressed as a d1rect f""

j;,,pr1nc1pa1 stresses, pore pressures ma;*

h7h5?est1mated

:v by a551gn1ng the re]evant'mater1al propert1es to the eTements
s'The main’ 1mprovements ach1eved 1n th1s program are fgthf?f5fE;'
} | (l) Compl1cated geometry, boundary condit1ons and .
:the non homogeneous mater1a1 d1str1butlon can be easily

' :s1mulated in the ana]ys1s . ‘i,,» ;‘”J. SN
o ,Vhié) S1mp1ify1ng assumptions on the magnttude of . |
'v,magor pr1nc1pa1 stress are not necessary since the stressvjfrﬁffi

‘1@f1s obta1ned from the f1n1te e]ement total stress analys1s

‘Ei?5:4 4 Cons1derat10ns of B and C in@theft7“bﬁ”'”ihh
: Pore Pressure Analyses T

The use of the pore pressure rat1o, B for estimating

”:*the pore pressures generated 1n an eayth dam wasi;xggested /fﬂi

: f;fby B1shop (1954) The advantage of uswng this ratwof s:that

. .i‘o:n; Of the = g

”‘Hmaaor Prln61pal stress Without perform1ng detailed ana}fsesfnff:

'”Tg-1954) for




\ c]ear that B is a\funct1%n of prlnc1pa1 stress ratto Tfheff

__,eﬂtest resuﬂts demonstrat1ng the 1nf1uence of pr1nc1pal stf?SS;f.;“_

ratlos on pore pressure rat1os have been presented by B1shop;ff¢"

*7m”,(1954) Proper Judgement on pr1nc1pa1 stress rat1o expectedrf]fgrﬁ

"1n the dam 1s thus necessary 1n order to determ1ne a B va]uej,;gg?;

'V-?iwh1ch 1s su1tab1e for est1matﬁng pore pressures

If the tota] stress ana]isis becomes a part of the

"whole analys1s, it ?s p0551b1e that the Judgement required

‘R1n the previous method concernfng the pr1nc1pa1 stress rat1oaj"ﬁ;ff

W

'can be e11m1nated Subsequently, 1t may appear the merovedf?sh7°7;

resu)ts can be obta1ned w1th the follpw1ng (Skempton, 1954) jff}jﬁﬁ?

”“for the 51m11ar but more genera1 (Henke1,11960) exp'ess‘°"

b Au : ’ B[A03 + A ( AG]— A03)]

R R



- e : R PR L
| Slnce the value of A is not 1ndependent df the pr1nc1pal

‘53 stress rat1o,.a srmllar problem as 1n the determxnatwon of
;jl B Wl]] be experlenced 1n the determ1nat1on of A In vlew Ah’il E

I
o

i?;}; of these, the appl1cat10n of the latten approach may not

“;ﬂ_ gavn much accuracy 1n the results, but 1t may lncrease the.
complexrty l:' 1 ‘: '. ”" m '» f‘sﬁ_ ;”7. r‘ _.
‘ff*-l}f:..: Although 1ncorporat1on of any one of . the two previous”ff;
,);;.'ﬂexpre551ons can be made 1n the present f1n1te element p"°9ram,gf§
based on the preV1ous comments, the B approach has been R

formulated for thlS study As has been discussed prev1ously

f{f cﬁbthe central core in a rockfill dam 1s*more or less under a:nohd:?}

lateral stra1n condit1on, hence/P values used 1n allaanalyses: {ﬁl
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.C_,M i ¢ ,ﬁ* kg-~ T .for two- d1nen51d El ;”1‘

.otve (1 - 2v )(1 + vrf stra1n case ‘q. Lt.~

e kE' i ‘;'. : T el
IR for three d1mens1ona1
_Y3']f?v:~:;(? = 2v ) stra1n case’ o

d:;where k is the coefflc1ent of permeab111ty, mvdiséhhé;f“i;i}:.hat

dd1mens1ona1 compress1b111ty, E' 1s Young s modulus nn te;ms ERN
"of effectlve stress, v' 1s Po1sson s rat1o 1n terms of B -
;Teffect1Ve stress and Yw is’ the dens1ty of water From the v-"

5d“above expresslons, 1t 15 noted that three coeff1c1ents d1ffer

"ffthe most when v '-*0 and the differences decrease as v f]ﬂ;f553

'“ﬂflncreases Coeff1cnents of consolidatron used

'flxn th1s ftudy are determ1ned from oedometer tests for reasons

's}sxmxlar to those for determintng B '?:}foff;f Qe.?i'faimtdkf‘}

‘_5 The Influence of Load Transfer on nﬂfﬁi’ff“"'

Construction Pore Pressure ff,,,c” e _Fl»v'a:‘*d

i prevwous chapterf As a’ consequence. constru tioidpor.

{?epressures wh1ch depend on the magnit"dé*oéd

7;¢ﬁtmnev1tab1y affected by this loaf
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’steep walled V shaped valley (e g. sl&pes'%f 1‘1)"

] , ‘ . "’,‘o

In the analyses, 1t ‘was assumed the mode] Wa s buitt
‘at a cont]nuous and un1form rate of ]O ft/mOnth The'dam

wh1ch was 300 ft h1gh was represented by ten layers of f;”f
R
: elements of un1form thlckness The core and shel]s wh1ch

m1ght have d1fferent modulus values had the same densfty, P
5 AR

iy = TTO 1b/ft3, and P01sson s rat1o, v = 0 35 In order to f;»;
‘ compare the pore pressures set=up in an earth dam due to o

'd1fferent degrees of 1oad transfer. ana]yses were preformed
( ) MaJor pr1nc1pa1 stress 1ncrements 1n the core o

,for the fo]low1ng four cases

'1were equal to overburden pressure 1ncrements (1 e Ao]. vAh)
.Tota] stress analys1s was not requ1red for th1s case

(2) Core and sgells had the same modulus.

3_;Eshell Ecore 1000 KlpS/ft Total stresses were obta1ned

Q.;from total stress analys1s ;fd:;pf;fgj}:f[;}f;ﬂfQtfhf;rgffffff;

t‘t(3) The modulus of the she]l was f1ve t1mes the

*'fﬁm°d“1us of the core,bEshelT 5Ecore =‘5000<K1ps/ft Total

' 7fwere obtained from the tota1 stress analysis

i{,;consol1dat1on, C = 50 ft /month and a pore pressure rat1o

’nalySIS..s_?rrﬁ,f;f

'fffstresses were obta1ned from the total stressf

(4) The modu]us of the shell was ten times the modulus

‘ “of the core,-Eshell 10Ecore'f ]0 000 Klps/ft Tota] s.resses
S e

Two d1mens1ona1 d1ss1patlon was cons1dered 1n a]]

o

'”Wfour cases The core was assumed to have a coeff1c1en
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Co

‘B = O‘SU The results of pore pressure analys1s for the

_center of the dam are shown in Fvgs 4.1 and 4.2; In F1g"

A,4,1, sTight dnfferences in results for~case (1) and . (11) can

'be noticed ' These dvfferences were ma1nly due to the fact
'd1scussed 1n Chapter IT1- that maJor pr1nc1pa1 stresses 1n

the central part of homogeneous dam were not exactly equa]

to overburden pressures For - the rate of construct1on of the ¢

Afdam .and dra1nage prOpert1es of the core discussed in thts"'

1nvest1gatlon, it was found that 1f there were no - 1oad |

>

in the centra] part of the dam 1ncreased conttnuously How—'

k ever, for cases (111) and (1v),~tota1 stress lncrements in

ﬂthe lower part of the dam were s1gn1ficant]y 1ess 1n the later N

stages of construct1on Therefore, pore pressures were _
l", L

d1ss1pated faster than they were generated : As a result,;

unllke case, (1) pore pressures 1n the 1ower part of the dam

'1n the later stages of constructton were 1ess than those 1n '_?J

. SOme preV1ous stages S » ‘

.’ In F1g 4 3 pore pressure prof11es at the end of
:fconstruct1on for the four cases are presented , From these
_d1mens1on]ess plots, the 51gn1ficantL1nfluehces of load
transfer on pore préssures generatedrln a. dam are obvvous.”
_The great d1fferences 1n results between case (ii) w1th |
fEshe]] Ecore and case (11i) with Eshe]l 5Ecore indicate
the comparablestmportance of the load transfer which occurred

. at a lower value of the ratwo of Young s modu11 of core to

Lo - . . ‘\

[} L

. . I Lo R B . . . . e e .

_transfer in the core as 1n case (i), construct1on pore pressuresij
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'shell In ‘the present study, when Eshell > 5Ecore, total
stresses 1n the core were reduced at a decrea51ng rate and V
hence the pore . pressure resu]ts for case (111) where EsheTl
5Ecore and (1v) where ‘Eshell é 10 Ecore were not great]y
d1fferent e ": S ;;_',-{y~] .? _;1;‘

An ana1y51s was also performed assum1ng one d1men51ona1

‘d1ss1pat1on and maJor pr1nc1pa1 stress 1ncrements equal to

_ overburden pressure 1ncrements on the same core sect1on 'The_5;fp'

pore pressure prof11e at the end of construct1on'. 4“60)

‘-obta1ned from th1s analys1s are also pre@Ented 1n Fig. 4 3 ft;}c
”In the. same f1gure, G1bson s one dimens1ona1 so]ut1on (1958,

| Fi'ﬂ 3) on the relatton between u/Y h and x/h at nlt w-fOf o
| St T 84

» v .
,c0nstant rate of sedlmentat1on is shown A]though saturated

soils were dealt with- by Glbson,_presentat1on of. pore
}pressures in norma]ized forms facilltated the compar1sonbi -
3vof the two solut1ons The pore pressure Y h generated 1n e

| 7sed1ment is comparab]e to B yh 1n compacted earth dams A'ﬁjﬂr"

| may be seen from the fvgure, the pore pressune prof11es from
:the two solut1ons do not differ signiflcant]y R |

In Fmg 1. 3,,the great differences betneen one-.ﬁ,JWP

~1f4d1mens1ona1 dlsSIpation and two dimensional dissipation results

are alSQ d1sp1ayed The lmportance of the effectivenesses 'jj?é5f7

<

eof s1de drains 1s thus 1nd1cated The influence of varfous
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| No‘detailedfstudies are\attempted here' o |

'“d SInce 1oad transfer from core to she]]s rather than C
Vthe oppds1te, are the more. common 51tuat1ons 1n most dams,,v -
the 1nf1uence of th1s type of load transfegron pore pressures
"Tsset up ‘has been the main’ study 1n th1s sect1on From the
resu]ts of the stud1es 1t 1s pertlnent to note that w1thout
tcdns1der1ng the 1oad transfer 1n a dam hav1ng soft core and J:v
rigid she]ls the pore pressures W111 be overest1mated Thefjffff

',c0nsequence of th1soverest1mat1on can e1ther be on the safe

‘ s1de or the unsafe s1de, hence proper cons1a'rat10n of load
transfer is necessary Nhen a dam has a rfg]d core and soft
she]]s, 1oad w111 be transferred from shel]s to core W1th-,

*{out cons1derat10n of the

hoad transfer, pore pressures 1n -ff
v'.*' . . B

f"tfthe core: w11] ‘be underest‘mated :h~'f,;,,.l:”

s, 6 Cons1derat1on of Poss1ble Treatment
‘ of Tota] Deformat1ons & T

Total deformat1ons 1n cohes1ve so1l haVe conventional]y_;}¥

' "_been treated as/the summatfon of ummediate deformatIOn and

"HCOHSO]Id&tlon deformat1on Immediate deformations are always |
‘mireferred to as the deformat1ons occurring during undrained -
",]oad1ng, and consol1dat10n deformatfons are referred to those

""-'-takmg Place as the consequence of disswatwn'of P°"e P"essufe-;ff!-‘

;,t‘in severa1 methods (e .g. Skempton and Bjerrum, 1957 Davis,}fi?f?

and Pou]os, }963) wh1ch have been proppsed for the anaiysisi.;s
';of foundat1on settlement sim1lar pr1nc1p1es of obtaining

5;tota1 sett?ement‘were suggested : Tota1 settIements at any




~"of pore pressure
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time.t‘ after the load appl]cat1on is equal to the sum of |

‘the 1mmed1ate sett]ement or undra1ned sett1ement and
_<,COnso]1dat10n sett]ement occurr1ng at t1me t measured from

the t1me of app11cat1on ofthe 1oad » Although the procedures'-u
for obta1n1ng consol1dation sett]ement were d1fferent 1n"§

these methods, the sett]ement was general]y attr1buted to}

) the effectlve stress 1ncreases resulting from the d1ss1pat1on5:h
S e‘,frxlhv'~ | o Co ST,
In f1n1te e]ement analyses, the previous approach of<"'
_-obta1n1ng total deformat1ons may a]so be 1ntroduced The; |
:scheme of the poss1b]e treatment 15 1]1ustrated 1n Fig &, 4

“In the first stage, tota] stresses and 1mmed1ate deformat1on5“h'5:
?caused by external 1oad or self we1ght can be calcu]ated

'from a ;tandard f1n1te e1ement ana]ys1s In thlS analySIS‘haflfd

: ‘e]ast1c modu11 w1th respect to total stresses,<E and u, are L

genera]]y used W1th the tota] stresses and Pra1nage

E ﬂpropert1es of the mater1a1 known, the pore pressure at any

. ';fresultfranthed1ss1patlon of p0re pressure, are set equal

‘h--fto pore pressure changes‘\ The fourth stage requ1res convert-

"t1me after the app]1Cat1on of the 1oad can be determ1ned from SRR

I

. pore pressure analys1s In th1s analysis it 1s usual]y
dassumed that total stresses do not change during conso]idatton.edj

"The change 1n pore pressure from 1ts 1nit1al value, u, ,,at any i

L Yo
'yt1me t] can subsequent]y be eva]uated 1n the second stage

;va" the th1rd stage, the effective stress 1ncreases, which 'ffvf;fi

,:f1ng the changes 1n effectlve normal stresses into 5901va1@n““
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noda1 f0rces f Such forces constltute the load1ng for “the f"h

hf1n1te element analys1s to evaluate conso11dation deforma-’r:*:
ftionscaused by 1ncreases in effectlve stresses In th1s
i'analys1s, elastwc modu11 w1th respect to effect1ve stresses,v":'
CE' and v 5 1n the appropr1ate stress range are used After

u7jthe comp]et1on of the four stages, the total deformat19ns

at t1me t] can’ be obtawned by add1ng the 1mmed1ate deforma-fx
"t1ons ca]cu]ated 1n f1rst stage and the eonso]xdat1on -
”?deformattons determ1ned 1n fourth stage | Th1s type of '

' 'approach has been suggested by E1senste1n (1974) for }“f“.
';evaluat1ng the deformat1ons during the“steady seepage" stage Tt}f

: Regard1ng the comp]ex1ty 1n programm1ng,:the aPPFOBChZfT?

E _dd1scussed in' thlS settton may be more su1tab]y aPplted to fffiffﬁ

o H k’ .
~ cases where total stresses do not change with t1me., Iher»"w

’”;fffchanges 1nc1ude those caused by conso]1dat10n and by the

v‘ffaor to calculat1ng deformat1ons 1n an earth dam during the

- Hamay be assumed to remawn more or less constant'

‘f‘ffn4{i1,01scussion of the Assumpt1on of

iappl1catwon of external 1oads It thus seems 1ogica1 to

gfgapply the approach to the ana]ys1s of foundation settlement

'5,h steady seepage" stage In these prob]ems. there 1s a more

’”feor less ‘c]ear diV1s1on between the undrained stage

o and the dralnage stage In the 1atter stagf

' total stresses]

e

Constant Total_ Stress During .
1fConsolidation ]ghi,,~,,,~

The asstpt1on of constant total stress d




".presenttstudy It 1s known that the.same assumption was ﬁii.:
‘genera]]y used 1n consolidation formu]ation based on the tz;»
:Terzaghi Rendulic theory The 1nadequate represthation L o

t_of the continu1ty of the 5011 mass using this assumption

"'was recognized by Biot (1941) and hence the BlOt consolida-;‘~ii's
,tion theory was developed A thorough rev1ew of the two
'theories has been presented by Schiffman et a] (1969) in
‘ which the advantages and 11m1tations of the two theories
: were discussed The reasons for uSing the former approach

in this study are as fo]iows i '“_" o | R

| '3§L(T) As the result of the comparison between sett]e—}ﬂ;:;:

lments ca]culated usrng the Skempton BJerrum method (1957) and

"rd*those based on. the: Biot theory, Hwang et al (7972) indicated

'”';“that the Skempton BJerrum method, which does not consider

ff_relationships The comp]exity dnvo]ved“ih,those fo

;iypfthe approach considered The Biot theo'i
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' "forsdngleilpaduincrement;prquems-(ejg}_‘a foundat1on prob]em)

'.4;8 Effective Stress Ana]ys1s of Earth
‘ Dam Dur1ng Construct1on

Dur1ng the construct1on of an earth damg pore pressures

Thare generated and part1a1]y dlss1pated as the f111 laced

',dexcept for seasonal stoppages ( g w1nter shutdown),,1t rs

'd1ff1cu1t to draw a c]ear d1v1s1on between the undra1ned stage and

"f;the dra1nage stage As was d1scussed 1n sect1on 4 6. the, A“'

}n,convent1ona1 treatment of total deformat1ons may be less

B

3fhconven1ent to appTy to th1s type 6f problem,; In this case,

1ﬁ;1t may be eas1er to correlate the deformations with effective '

”:stresses at a]l t1mes Incremental deformat1on'”m§§;§éfffﬂﬁﬂnxﬁﬂa

B

'f;ffattr1buted to the changes 1n effectlve stress;‘

?ii{pressure analysws S1ncevthe ch”"ges




'*.h‘analys1s, the ful] he1ght of 5pe dam 1s d1v1ded 1nto several

| BRI

) effect1ve stress and e}astwc parameters wlth respect to

'f:effect1ve stresses More deta1ls regard1ng the procedure of

°f1ntroduC1ng effect1ve stress ana]yS1s 1n the ent1re dam are

:Shown in F]g 4 5 t° F‘g 4 3 AS RLs the standard 1ncrementalfthw

‘8

n_construct1on 1ayers The t1mé h1story of the constructwon

' pwh1ch 1nc%udes the tlmes to ]1 the layers and the t1me5'“‘

~%fper1od of the shut down should

 ;:;t1me relat1onsh1p used 1n the ana ysis 1s shown 1n F1g 4 Sgh'f'*

?-sfttReferr1ng to F1g 4 7 and Fig 458; the procedures for eachjﬂ;ft{i

“-1ayer may be descr1bed as fol]‘w.p“{_ f

(1) Ftnite elemen_ ana1y51s 1s performed to obta1n£3'h

& 1,total stresses,boSAA and OCAA,.ff’

3*;1ayer A due to se]f welght ifE]astfc modul

known The he1ght versusﬂn_f5@7



"je:fsequently be determ1ned from a pore pressure ana]ysis :;In}}iea;s

, SO 'ff'jsﬁ 3
o aﬁ(é); When a new 1ayer B 15 p]aced on top of ]ayer A
‘pa f1n1te e]ement analys1s JS performed to obta1n the total
:~st¥ess changes, AogAf.and AOCAB‘ 1n the shells and core of
ny]ayer A due to the we1ght of layer B Elastic modu11 w1th
.respect to total stresses,,E and v, are used 1n the analys1s ii"
giIf tB 1s the t1me of comp]et1on of ]ayer B, the tota] stress i
'i{changes'determ1ned are assumed constant between time tA and L
.'hh Wlth the total stress changes known, the pore pressure LR

o ﬁd‘ffere"ce’j(ufgﬂf‘"tA)’ between time tB and tA can sub-;pnelxﬁff

'?forder to eva]uate 1ncrementa1 deformat1ons. AVSABtB and

iﬂVf(:AVcABtB’ggn the sheil and core of layer A between tjme tA ‘ti”’

T
PRV

;jﬁ‘stresses,_E';and V! are used in the anallsis

. .\ :‘..




’1stresses and e]astlc parameters E‘ and v X to obta1n

';deformat1ons in Iayer A at the t1me of comp?etwon 1s the

":fjcon51derat1on of the non]1near1ty of the stress stra1n

,relat1onsh1p At thxs stage, the effect1ve stress in the

-;eompacted core 1s genera]]y not equal to zero but has an Tf ff

‘~?f1n1t1a] value Th1s value shou]d be 1ntroduced 1nto thei;t!fi7-7v

‘hffgana]ys1s before perform1ng the analys1s f0r the next 1ncrement

‘f]ﬁ}f}mmed1ate defor' |
vff71swhen vo]ume change due to shear in the soi1 1s not signif1-g;?¥¢5i
a'f;cant If a- saturated 5011 behaves as a 11near elastic S
"gj,;mater1a1 with.ideaT pore pressurf}“ | A

ffgfof the elastic parameters, E' and v 5 for evaluatlng _”f

ff:of effectwve stresel57fu‘"'"

The u5e' f e]astic parameters, E‘.and vt - to eva]uate ffb{

t1ons may be more suftﬁ%Jekfor the case

'71sdeformat1ons w111 y1e1d results simiIar7to:those obtained
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'-change Th1s type of 1ncons1stency has been noted by Hwang
etal. (1972) ' | R

7-459- The Accuracy of. Procedure Used in isrﬂ;} Conl
| Effect1ve Stress Ana]yses T T

In order to check the accuracy of the present pro-.g'fﬁiff
"icedure used 1n an effect1ve stress analys1s, a rectangular
fsaturated clay core w1th 1ncompress1b1e and 'perfectIy

.I,eff1c1ent side dra1ns (Koppu]a and Morgenstern,*T972) is ’

'ifzstud1ed The conf1gurat1on of the problem 1s shown 1n Fig

f574 9. The rate Of pore pressure dissipat1on for

Zsjmilar

f7ic'type of problem has been stud1ed by Koppuﬂa and Morgenstern

’tfaﬁe(1972) s ing the f’"‘te d‘ffere"ce mEth°d L

fFor compar1son,_A¢e1:i

3f1;1t 1s assumed that there is no fr1ct1on between the clay 573°*J“1”

acore and the 51de dra1ns 1n the present analysisAT:After a

'”“5un1form 1oad of 2 K1ps/ft 1s 1mposed on the*surface of c]ay i

: hfjcore,vthe excess pore pressures at the surface and;tye S
'f;;‘1nterfaces of clay core and side drains are assumed zero“,.

5T}tat al] t1mes

‘ The mater1a1 properties of the sottjskeieton

v*:?“values Young s modu]us, E'J




'g”ffwhere m, s the one dlmen51onal compre551b111ty, cv is the

7';frespect to total stress¢ For the reasons descrlbed 1n

187

Iand

S

“g‘coeff1C1ent of consolldat1on and E 1s Yocmg s modulus w1th

| i;Chapter III, W 0 49 1s used in the total stress analys1s

'_;S1nce s1de dra1ns are assumed 1ncompre551ble 1n the problem,; e
'°deformat1on of the clay cOre due to two d1mensional pore '

"gpressure d1ss1pat1on occurred only 1n the vertIcal d1recfion

= ﬁfThus 1n thlS case, the degree of consol1dat1on settlement

"”’~i.tshould be equal to average degree of pore pressure d15$1pat10n;f7j3

jffIn F1g 4 lo degrees of consolldation settlement calculated '{;vi
'?ffrom the present analysis are compared w1th the average e

”h_degree of pore pressure d1ssipation obta1ned from the f1n1te

f:slfadtfference method for d1fferent time factors (T) “0 signif*df*if:

Vftant d1f¥erences in the results can.be observed f The degreetf_f;t

-'!than those af the J

enter part gy

i (1mpedance factor) . w (Koppula and MorgenStgrn, l972)‘
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x/H

2

' DIMENSIONLESS HEIGHT,

A I L

__....._. -One dimensional dissipation

10 fr/mo . ' . - Glbson s solutlon (1958) for'
"‘t-30mo o o um 2t/c *MonFlgure3
. C 50 ft2/mo' S . Fwo dimensional dnmpatnon
B=0.5 o " \A01 = 7Ah L
Y =140 st s e b Two dlmensional dmnpataon ;
T . - EshoII=Ecore ‘
1.0 g | _.;.-.._.. Two dlmnnﬂonal dlsslpatlon |
- a " E-shell = SEcore

- ___'___';_ Two damenglonal di,sslpatldn o
o . E;l{gll = 1OEcore ;

TR

. .DISSIPATION = -

0 . 02 04~ Qb N oa 1.’(9:-__?"
o NORMAL!ZED PORE PRESSURE u/ayH |
.s-

»

: _F:ig‘. 43 Pore Pressure Profﬂes 1n Centra1 Core* R
“at the'end of Constructlon for D1@fferent o

Degrees of Load Transfer Ly

W
-
*

f . e f

- FULL OVERBURDEN PRESSURE |
" WITHOUT' PORE PRESSURE S



(n Before dissipation of pore pressure ) 0 =gty .
attlmet=o e lYQ Yo - 0

: 'f—.qxq= Oxo’ +tug AR

(2) Dunng dlssmatlon of pore pressure S A‘ ' (No chdnge l;h'toi_.;_al s't'rass)b‘ o
, attlmet-t] S . T o T e

- Au From pore pressure analysis

R P R Sy i

(3) Change in effectlve stress R '(No Chaﬂéﬁ in .‘.0‘18':3."'.9;5')7- :

at tnme t t1

¢ .‘ N N N : . : c N . . R . - R
. . . .

- (4)‘~‘EquijVal‘eh,t'vﬁodaii.f»o'r.ees; o v e e

v xn+1 o

i > ‘n*._-‘;.,

"_"_,Fi”g’.v 4. 4 Scheme of Possib’le Treatment of Total
R De,formation In Finite E]ement Analysis R




Ao = FEM (E,¥) |

. N \
. . . . ' - L .
. . . . . . N - . oot

| FOR. EVERY CONSTRUCTION STEP -

| | doyito-a0 | ¢

. .
L ;

FOR EVERY.TIME INTERVAL =

FZ YRR

.<34:A

'1-7F. 4 5 Scheme ofAnai sis of Conso]idat10n
Rt Movements (after Eisenstein, 1974)
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”*T;j:ANALYSJEZbk;pEFQRMATfoNS};N°Mich_DAM[ SEE SRr

"‘fdsuji Introduct1on

The capab111ty of an analyt1ca1 mode1 to 1ncorporate 3»* :

"=*.fal1 the factors wh1ch m1ght 1nf1uence the behav1our of a
U \

' ”Zs[;freal stnucture 1s 11m1ted Therefore, SeVeTa] assumptlons

“J“’Vare usually made If the factors which are not considered are

'fff7:1ns1gn1ficant, the analytwcal model can predict c1ose1y<the

1n §1t¢fbehav1OUr Thus. the usefulneSS of anyfanaly
} RRR S




| : fi‘ f~;.i f,flsgi&fﬂﬂ7
The dam embankment is: TTT ft W1de at the crest and

wa3100 ft w1de from heeT to toe The crest 1s 2600 ft Tong

m".ﬁand has a rad1us of curvature of TO 000 ft The greatest

¥

"~5' he1ght of the structure, from the Towest bedrock surface to

vthe crest, TS 800 ft More deta1ls of the dam are ]1sted
’1n Table 5 1 The geometry around the crest zone has been J;ywﬁV

,rev1sed from the 1n1t1a1 des1gn dur1ng construction Intﬂ?3*;fiﬁ-‘

‘“?f'order to avo1d possibTe eros1on caused by waves resu1t1ng

f_ffa near vert1ca1,.Central imperv10us core The core 1s
}7~f,Tgrave1.f 0n the outer parts of the she]ls, compdCted_GNd:T

.',_»_i"',sh0wn 1n F1g 5‘ 3

"ijrom a Targe sTide or earthquake. the crest was widened from an

:?5511n1t1a1 36 ft to the present width Ai;t“ff;“Tf“ R

" The dam 1s a zoned earth and rockfi)i structure witheluffV

‘fsand and

'-gcompr1sed of gTac1aT t1lT and the shells are mainT

:7\dumped rock }Jf used The arrAngementrof the fiTTwis g



'4lqu;hf
the construct1on area was by tube we]ls wh1ch were phased
out when the f111 he1ght was beyond any danger of overtopping

Pr1or to any excavations 1n the foundation area,\the o

‘f?fbmax1mum depth of r1ver overburden is 150 ft The 1owESt part of

| ‘: the overburden IS dense g]acial ti]] with th1ckness up to 60 ft This 1ayer

'”«‘.’:-'1_'.;'-_-was overlain by dense, coarse. granu]ar mater1als cons1sting of sand

'TV;ffpgravel, cobb]es, and bou]dens conta1n1ng 1ense§ of heavily

Jﬂfgoveraconsolidated 511t and c]ay S11ty f1ne to medium sand

YH”V[{*slump1ng fa11ure due to 11quefaction under an earthquake

5*;up to 50 ft deep existed over much of the r1verbed at’ the

f*dam s1te In order to el1m1mate any possibi]ity of a maJor

?~shock, the s11ty r1ver overburden sand was excavated under

"fnthe 1nner &hells and the core was taken to sdund rock f*A

hp‘f'fcore trench was formed and the foundat1on for the core was

:falbianket grouted to a depth of 30 ft In addition to a line ff}fﬁ

e deep holes Qrouted along the upstream th1rd of the cor#z
"fggl1ne were alsbxsr@Uted

';;;1ate in the 1968t MaJor f1k“?

‘E?ftwo 11nes locatedx30 ft upstream andidownstream fromtthis

Minor fil] placement commenced;in the ups feam shtll

'f;;*iﬂfAﬁkil and May 1959 It occupied_fou{.donstr
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‘ descr1pt1on of the genera] aspects of the prOJect are g1ven

by Nebster (1970) and Meldal and webster (1973)

AidsgB. F1e1d Contro] Data.of P]acement
| Mater1als 'A : N | o » i
's.'gggi_ Very heavy compact1on was spec1f1ed for the core and jf
fy shel}.nater1als 1n order to m1n1m1ze tota] and therefore '_.
.-t];J d1fferent1a1 deformat1ons, to prov1de 1ncreased strength and ﬂ?tf;

to decrease the r1sk of 11quefact1on G]aclal t111 was
| compacted 1n the ma1n body of the core by 8 passes of 62 5
'ton: rubber t1red ro]lers hav1ng ttre pressures of 120 ps1

B For granu]ar mater1als1n the 1nner shel]s, outer she11s and

“',t drawdown zone compactwon W1tI’4 passes of 10 ton smooth
drum vibratory rol]ers was speC1fsed However. on]y 2

paSSes Were requ1red for those w1th1n 20 ft‘ of the corefl"“f .

zone MZ (F1g 5 3); compactlon w1th 8 passes 1nstead of 4 |

j%;j' passes was used for the elewﬁtion above 2000 ft Thefjffﬁfff?#f#}

speC1#ied 1ayer thickness after compact1on for each zone 15 ;,l57

shown 1n F1g 5 3

F0110W1n9 the first construct10n seaSOn 1mportant ﬂugflf




'bﬂk“jpwere anchored 3 ft

/ﬁ‘
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" By anom'ng-m% o;F the tid and 15% of the sand
- and grave1 to 11e outs1de each of the f1ne and coarse 11m1ts,Ae:"
- the gradatlons of the borrow materlals met the spec1f1ed
»vﬂrequlrements w1th 11tt1e or no process1ng The statistwca]
gradat1on envelopes for t111 and sand and grave] used are

.-'Iﬁvshown 1n Fig. 5, 9 It may be noted that both mater1als are

grwejl-graded. f*f -h.'. . "ff‘ 'vz:if"rhn}mr‘fv' mbf ; R

5. 4 Instrumentat1on of the Dam ‘j;_' L T
o A comprehens1ve system of 1nstrumentat1on has been
.-prov1ded to measure hor1zonta1 and vert1ca1 movements, earth L
‘pressure, pore water pressure and dynamic mpvements 1n the dam-ifﬁi
'f[VThe genera] descr1pt1on of the 1nstruments was g1ven by
.yiQWebster and Lowe (1971) i The numbers of each type of

:f[71nstrument 1nsta11ed up to the end of construct1on were

.ns;treported by Mejdal and webster (1973) et
. In”tﬁas‘tnvestlgat1on,,data frbm severa] vertica@ and ;;;:;
“i?ﬁnemuwert1ca1 m°Veme"t (MV) gauges were extensively used S
.,;,Locatlons of these dev1ces are shown 1n Fig* 5 10 -Jhey

'J‘QZcons1st of te]escop1ng cas1ng and transverse a]uminium diSCS

'~~h

' }ﬂfset around and. at 1ntervals along the casing AN the g

1nto bedrock, with theeexceptio

<
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A s]ope'indicator developed.by Sinco-: Due to very small
‘fhor1zontal movements in the embankment dur1ng construction
.‘and the T1m1t? of 1nstrument accuracy, the horlzontal ,;
'movement data from the MV gau%es can on]y be 1nterpreted 1n:'
a qualitat1ve manner | | |

]

. The ptezometers were 1nsta11ed at mar1ous parts of e

the dam for mon1tor{ng the’ poﬁe pressures developed dur1ng.?,,a»”“

various stages The numberﬁt each pa?‘t var1es w1th thea

';relat1ve 1mportance of pore pressure 1n that region From pm~;_f

;'the d1str1but1on numbers reported (CASECO report) _1t may be

l

noted that most attentlon has been concentrated on the core_fflﬁfi

"»and core foundatlon Three types of p1ezometers were used

'sﬂ‘only tgose recorded by eTectr1c and pneumat1c piezometer

".Twere of maJor concern, s1nce only these two tyPeS Of

P T R

E These wqre Ma1hak e]ectric p1ezometer,;Geo test pneumat1c «jfﬁ."'

pr1ezométer and USBk embankment type hydrau11c piezometer ocd“‘ﬁ;t

.,..,»

‘Regard1ng the oonstruct1on pore water pressures 1n the cﬁre,?ﬂ{ihg

&v

BRI

,' (’/ e ¢

p1ezometers were equ1pped w1th h1gh a1r entry pdrous stones eﬁtyf"

The pOrous stone used had air entry vaTue of 20 psi and a aaif‘*':




955 Y Observed Behaviour Dur1ng

win“April 1969 the seepage through the foundatlon benea;h

'/

*] subsequent construct1on seasons a]l these p1ezometers

174

Construction - \ W

vS;S}t Effects of Upstream and Down-

Stregm Water LeVeT

Before the maJor programs of fi11 p]aC1ng started

| the cofferdams wags controlled by the tube wells. These tube

-we]]s werd used in the Jupstream and downstream cofferdams

nd were sunk to earth bedrock or river overburden -Their

g

locations are shown 1n\T1g 5, 3 .

After the downstream cofferdam tube we]]s were

~ ¢
B

'abandoned at the end of Apr1], 1969 and subsequently wpstream

-
L -y
~

/

cofferdam tube"WeH operatmns were' d1scont1nued at the begmn- '

. .
ing of Ju]y 1969 the foundat1on p1ezometr1c read1ngs showed

L a gradua] r1se in p1ezometr1c 1evels Dur1ng the ear]y

stages of construct10n, read1ngs from p1ezometers at the

“lower part of the dam were very much 1nfluenced by the

-

seepage of upstream and. zownstream water ~ Toward the end -

of the 1969 s-easona a]t- he p1ezometers 1nsta11ed in both the:_

't111 and sand and gravel of the r1ver overburden started

.

' reflect1ng the upstream and downstream free water 1evels

This s1tuat1on can be 111ustrated w1th some p1ez m tr1c' .

observatwns 1n r1ver overburden as shown ﬂf Flg 5 H
Consequent]y, it m1ght be assumed that a]l the she]l and r1ver

overburden mater1a]s be]ow the}free water levels were o
y

'.saturated thereafter As the f11] ptacement cont1nued 1n
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Y . _ - :
reflected elevaions consistent with the upstream and down-

stream water levels. No excess -pore water pressures were

built up. o

Similar trends were also observed in piezometery in

. btha bedrock AN the p1ezometers in the bedrock were in-

P " -.r;,‘- oo

-then stab111zed at an e]evat1on approx1mat1ng the upstream

‘.eff1c1ency of the grout curta1n cannot be Judged w1th

i

sta]]ed underneath the core and were equally dwstr1buted

~upstream angd: downstream of the center line deep grout

()

: curta1n The ekevat1ons in these p1ezometers c]ose]y

ﬁo]]owed the embankment e]ewﬂnon unt11 m1d August 1969 and

e

o

K water ]eve] This cond1t1on 1s 111ustrated in F1g 5. ]2

-~ Pratt et al. (1972) reported that dur1ng foundat1on treatment

water test1ng of dr111\holes in the rock under]ylng the core o

3‘md]cated h1gher permeab111ty in the upper 50 ft decreas1ng

'downward to-a depth of about 250 ft and neg]1g1b1e there-

~after. Pr1or to grout1ng, permeab111t1es ranged.from greater
K than 1 x 10 2 cm/sec to 1ess than 1 X 10 7 cm/sec Jo1nt |
"spac1ng, common]y 1ess than 2 ft near the surface,v1ncreases

. w1iﬂ depth The preva]ent 301nts are paral]el to the

\hor1zonta1 strata but other Jo1nts d1p deeply northwest or fﬁf:
southeaét S1nce the’ e]evat1ons 1n the p1ezometers under L;’

the ‘core followed so close1y the £1uctuat1ng river water

.1eve1s, the eff1c1ency of the 11ne grout1ng may cause som@ dlt 2

:concern . However, due to the sma]] head d1fference between

upstream and downstream water levels dur1ng construct1on, the

.v/. -
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‘ S1gn1f1cant stress rellef must have(taken place in
. the bedrock durlng core trench excavat1on _ About 150"of~<
river overbdrden maten1a1 were removed from core contact |
surface.: BHeavwng resu1t1ng from th1s stress re]ief was
j1nd1cated by the movements of the bottom sect1ons of the .
“gauges, MV8 and. MV15, wh1ch are embedded into the bedrock

From the t1me the 1n1t1 1 e]evat10ns of the bottom most

"was 40 to 50 ft of f111, MV8 and MV]S had detected bedrock
\.

rface heaV1ng of O 47 and 0 21 ft respect1ve1y Unfort-.f;

uante]y, no 1nterme¢1ate measurements were taken hence,

atthpts to estabhsh the heav1ng hwstoryé were unsuccessfu]

- The quest1on of whether or not there had been a h1gher heave

“and the 1ater measurements were only part of the compress1on

cas1ngs were . estab11shed(May 1969)t0 June 14, 1969 when there dﬁ*f

Coor- the heaye was peak1ng cou]d not be answered However,“lff”f’

it seems obv1ous that the heav1ng was t1me dependent

J,A]though th1s phenomenon m1ght be attr1buted to the fact "

>

'.‘that rock is not pure]y e]astlc but v1scoe1ast1c, the
djncreaSIng water pressure in. the foundat1on 1n ear]y 1969,'i

as’ descr1bed prev1ously may a]so be respon51b]e for the “.:f[;:“

: heav1ng behav1our g

5.5.2 Bedrock""-s‘ettle‘nie'nts'"

Al N n'.- .

Follow1ng the f1rst measurement, read1ngs taken from ;jﬁ 3

'fMV8 and MV15 showed that the bedrock surface under the core

started to sett]e under the rap1d1y 1ncreas1ng f1|l we1ght u;ff-’

PR
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By the t1me the f111 reached 1ts f1na1 height settlements
'of 1.0 and 0.9 ft. were measured in MV8 and MV]S respect1ve1y}»',
No . bedrock heav1ng was detected by other gauges |
i since no maJor excavat1ons took p]ace in any other part of |
the foundat1on About 0 2 to 0.5 ft of total bedrock settle-. B
x_ment was measured by these- gauges dur1ng construct1on '-
| The\re]atlonsh1psobetween %he f11] height and
'bedrock movement measured in the. gauges of concern are
‘shown in F1g C 2 to F1g L 8 oﬁkAppend1x c. In the\center ﬁv"
...part of the dam,lthe bedrock surface sett]ed at a rate of \;'; )
'"o 12 to 0.16 ft pe lloo ft. of fin while under tha/she]1s,~ _;S
it sett]ed at a- rate of 0 04 to 0. 08 ft Because MV5 wads o
ranchored_30:ftr_1nto'the bedrock, one d1mens1onal compress-.lhitii
v:ibitityofrthe‘upper'bedrock can be- rough]y est1mated as ' h
i Table C. 1 of Appendix C. For the sake of 1ater ana]yses;_
}the prof11es of bedrqck movements under sect1on 22 + 50 t
fat var1ous construct1on stages are p]otted and shown 1n Fig

. 5I' ]3. E 7', . t,vr “‘ ' '.‘._':oll“ .

: 5t5.3 Pore Pressures 1n the Dam

Plezometers 1nsta11ed 1n the dam but outs1de the f?&g;fa

oo L
. . Lo
ot

'core showed no or neg]1g1ble excess pore water pressures }f%ufje.gﬂ
azdur1ng construct1on Th1s cond1t1on can be tllustrated w1tﬁ (ﬁ“

H‘p1ezometer1c observat1ons 1n the she]ls as shown ln F16 5 ]1

-ffw1th1n the core, excess pore water pressures were measured

in most cases Espec1al?y in, the f1rst year (1969) f111.elri’f'-dv

”5h1gh pore water pressures were observed dur1ng construction ‘
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.‘ThéspiezometEfs instad1ed-in.theicore‘were 1ocated'in lOd: B h]
'diffenent“sections; ‘The Jocatibd of these p1ezometers are }” N
a‘,sh0wn'in.Fig: 5.14t_ Many are in or near sect1ons 22 + 50 : h‘t\fj
i and 24 ts50.}-' | | | | d o |

| .Due to the fa11ure of some of the p1ezometers and 10w.t

\V~1nduced pore water pressures at h1gh e]evat1ons, only the :

' observat1ons in f1ve se]ected Plezometers in the core w1]1 beff?fh
B studied. These are PP2], PE24 PE25 and PE26 The var1at10ns .
of p1ezometr1c e]evat1ons w1th t1me of these fvve piezometers

are shown 1n F1g 5.]5, From th]S flgure, 1t may be noted

that the measured pore pressures generally 1ncrease s]1ght1y

or rema1n constant rather than decrease dur1ng the f1rst .
-construct1on shutdown after instal]at1on i For PP21 and PP20, ::vi
.'fhth1s phenomenon m1ght be attr1buted to the 1nf1uence of seepage
“of r1ver water 1nto the 1ower part of the core Immed1ate4y "
- ds'before the f1rst construct1on shutdown (1969 1970), the f;_~h}3fg
",:lobserved e?evat1ons 1n these two p1ezometers reached the same i&
efe]evat1ons as upstream and downstream water levels Dur1ng ;ffiufh
"the fvrst shutdown season, the pxezometr1c elevat1ons remaxned

"f[at these 1evels to ma1nta1n the equ111br1um in pore water jju_f*

‘dfftpressures w1th the surroundlng she]]s . For PE24, PE25 and

;fQPE26, the reason mfght be that the t1me of 1nsta11at1on ‘ijﬂf{ﬁfff
pthese plezometers was c]ose to the end of the construction ~hf'}%

‘7ﬁgeaS°" Before the equ111br1um pore pressure could b&

'“?establ1shed between the surrounding soil and the measur1n9

“iinsystems, the construct1on season haﬂ'stopped Consequently.;,'fﬂfﬂ

: N . . L. . B o e . ! . g e - ‘e . U
: Al




| f}'behav1our as’ descr1bed prev1ous1y..the p1ezometers

\ "stf the actual maJor pr1nc1pa1 stress 15 known Iﬁ the
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1 the pore pressures regwstered by those p1ezometerm\appeared

to be lower than what the actual vaﬂues m1ght be up’ to th1s
'l,per1od : The 1ncrease in observed p1ezometr1c elevat1ons

dur1ng the f1rst shutdown season appeared to be 1n the process;if‘
of- reducing these d1fferences and aggﬂeV1ng the equi]ibrtum '
bcond1t1on The pore pressures measured by these p1ezometers

after the f1rst construct1on shutdowh mﬁght repreSent thei_"

| actua] pore pressures in the f111 Desp1te some unexpected

" the :
core generally showed ]5 to 20% pore pressure d1ss1pat1on
t.durwng the subsequent shutdown seasons Sy = PO
| Tﬁ% 1nf1uences of pore pressure d1ss1pat1on_dhr'<
vv shutdown season on sub\\duent constru@£1on pore pressuredwer
1-d1scussed by B1shop (1957) The same tendency was observed 1"?1:1
;Mmca Dam From F1g 5 16, wh1ch 1s the plot of pore,pressuredt;??
versus overburden pressure,-1t may be noted that r TR
.decreasxng in each succe551ng construction season 'fhegfttnlraf"”

',value of r was defwned by Bwshop and Morgenster f(1960)

5_as the rat1o of pore pressure to overburden pressure 1n

:i7order to d1fferent1ate 1t from B, whtch can on1y be determ1nedi,3f

-”;f111 1s re]atlvely undra1ned dur1ng construct1on,i‘&gﬁ}55g$!

”fvcompar1son of these two va]ues w1]1 1nd1cate the ex1sten;”;;

FEETNR w111 be presented in 1ater sectlons

% archxng action A1n the f11] Th1s compar1son for M1ca Dam:
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co 5eblan Embankment Deformat1ons "f-.”; *f’tq?ﬂ;,w? f‘kgl N,

Max1mum settlement 1n the embankment ranged from RO

0. 5 to 3 5 ft Smaller settlements were generally measured "k

by the gauges located 1n the sand and gravel and close to %f{i
tv»,a the abutments Larger settlements were measured by the .jji
‘ ;V L

A'sect1on of max1mum helght - For the softer core and stiffer”

,' 'measured by MV8 and MVlO respect1vely Desp1te some mlnor

gauges insta]led 1n the core and near the center bf the

shells,}max1mum settlements of 3 6 ft and 2 4_ft? were

1rregularrt1es, the measured/settlement profiles displayed

the typlcal quas1:paraboltbfshapes The settlement data

: '5»obta1ned directly from movement gauges usually 1nclude the ;gf.ﬁ’f

and 2 2 ft 1n the shells

: 7ff1llustrated w1th settlement profiles relat1ve\to bedrock at

1nfluence of bedrock settlement The settlement proftle

?WlthOUt thxs 1nfluence may be der1ved approx1mately by

0‘

follow1ng fhe procedures descrtbed 1n Append1x D After

A

exclud1ng the 1nfluence of bedrock settlements, the maximum |

settlement values become approx1mately 2 8 ft ln the core

T1me dependent deformatlons whlch mlght not be tg"'*"

neglected were measuredxn the core This behav1our may be

the begtnn1n§ and at the end of each shutdown season;ﬁf*

plots for MV? and MVlS whlch are located 1n the ce*




.ffl;fhwes observed to be 1n the order of G 2 to 0 3 ft At the

;lﬁi:t*tomplet1on of the dam, a maximum settlement of about 0 6 ’
3:‘7:::to 0. 8 ft mwght be attr1buted to the tonso11dat1%n process
i | For use 1n 1ater analysesvand the subseQuent :yJo;{‘.té
: ﬁfexam1nation concer@1ng the X stres path cond1tion, the 'g'*":
';iﬁ?hbprox1mate vertlceﬁ"stress and.vert;cel stratn_rejat1ohsh1ps ff'h
. hri;in-the dam for sand and gnave] materwa]s hajetbeeh stud1ed

"ﬁgfvert1ca1 Stresses were ass;mfd to“be equal to overburden

cer

?:pressures The 1nprementa] strains”caused by correspond1ng

;Jncrementa)_stresses we‘e ca]cu]ated

.hof the movementf.'

o

' ?hffor the latter maJor port1onf'

“ﬁthe r1ver overburden mater1a1 1nd1 ates a 1esser 1ncrementa1




T sect1on

: ‘conven1ent for assum1ng the ex1stence of p]ane stra1h

Sy
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5.6' F1n1te E]ement Idea]wzat1on-

.-V'Two d1mens1ona] analys1s hasibeen found usefu1 A n*".'o'.
h the study of deformat1ons 1n dams Th1s po1nt has been' R
.d1SCUSsed in Chapter III In the present study of the 7~x
behav1our of M1ca Dam, two d1med\¢ona1 ana]yses were .

3 focussed on the tranSVerse sectton at stat1on 22 + 50 fhe,,fl»- K
v]ocat1on of the sect1on is shown 1n Flg 5 16 ’ Th1s s the

’jma1n 1nst umentat1on sect1on and close to the max1mum he1ght {ff;Tf

'.The se]ect10n of thws sect1on 1s not only

"“‘cond1t1ons butalso prOV1des a d1rect comparison between ' rtﬂu;‘

'”e the analyt1cal*recults and the f1eld neasurements at

‘“appropr1ate 1ocat1ons. A mesh of 729 nodes and 1352 elements¢'7f7’

- was USed in’ the f1n1te element ideahgzat1on ‘fu:i"”':": 1;“3:7ﬁf"°
The 1mportance of s1mu1at1ng the actual c0nstruct1on o

o J;process 1n embankment deformat1on analys1s has been emphasized’3*f'f

3%gtjby C]ough and woodward (1967) Although 1t 1s not feasible

to s1mulate a cont1nuous f1111ng 1n the f1n1te element N };f{f;;[f'
fanalysxs; 1t has been reported that the same »i;fﬁffj"f4;-

-f_accuracy can be obtalned 1n the 1ncrementa1

"V:ana]ys1s u51ng a certaln m1n1mum number of fin1te Tayers

"'f’,Clough and woodward (1967) adopted 10 11fts as a standard ,ffhﬁf

3,tthe requIFed number of Iayers 1n the anabysis was descrtbed

by Kulhavwy et*a] (1969) They used 12 ltfts in the1r

oﬂhfor the1r ana]yses More deta11ed 1"V95t1gattons Concef"'“"'

v"subsequent anaJys1s (Ku]hawy and Duncan, 1970)
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._' Due to the he1ght of the embankment,,the construct1on
'of M1ca Dam was s1mu1ated 1n 15 lwfts The 1dea1rzed sect1on

B . -:'_.,,_"‘v: .
is shown in F1g 5.22 A tota1 of seven materia]s, wh1ch ';y’*'

might d1ffer only: in stress stra1n behav,on or in bulk

'dens1ty, was assumed fer’ahq ths matr1als 1nv£he dam and thel

Test Data*hf

The w1m of th_;;
of tr1ax1al test resuh
‘ presently ava11ab1e ijj

to qust1fy the K

57 L

{werﬁ perform:dﬂonl

;and dra1ned tests ffferent mate ia]s

5:{wh1ch were f1na11y used 1n the dam f11f;
y NG

In'orJer to use '[g;f'“
vf{'these laboratory resu%ts for ana]yses. selections were made |

“5to choose those wh1ch close]y 51mulated dens1ty, wdter c0ntent

~sh9radat1on and dra1nage cond1t1on wh1ch were observed 1n the efid‘“d"

ﬁf?Table 5 3

}f1e1d Resu]ts of the se]ect1on are summarized il

.];EConsolldated undra1ned test data was used for the f“rst

”“‘j;year core f111 because qt was thought that such data would be'

'"VJQJ;pressure was exc]uded 1n the ca]culationf

T

' the most representatlve of the f1e1d condt




* 0
s

'°;Qesare br1efly descr1bed as follows'-ﬁl

_no consolldated undra1ned tr1ax1al data W

- f.partly reported by Insley and Hl]]ls (l965_}
jH1ll1s (lQJO) S1nce no volume change<
.fmade 1n undra1ned ahd CU tests on till stfples, the volumetr1c

"v_stra1n versus ax1al stra1n.
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results were used-for'the‘core fllllin th:%g;her years since'

avallable for

‘"the mater1al w1th the same water content As descrlbed 1n< l_
'sect1on 5.5.3 no excess pore pressures were measured 1n :
.the sand\and gravel and 1n r1vervoverburden, thus dra1n;d

'-"test results were used for these mater1als The gradat ion f

tests were performed on 6" x l2" samples for all the results

/

'pressures were used 1n some cases Deta1ls of the tests-"

. //

;were descr1bed 1n a. CASECO report The test results were

.‘nd Skermer and

ﬂasurements were

these tests were

elat1on§h1ps

Tapprox1mated by the measurements from dra1ned tests ' The*

fiare shown in F1g 5 24 to F1g 5 28.‘3&

For conf1rmatlon, two analyses w1th two d1fferent

/

'f“i;imethods of descr1b1ng the nqnl1near,,stress dependent stress- “

bedrock/movements were 1ntroduced1n these two analyses, thus

'e,fthe emtankment settlements relat1ve to bedrock were used for

e

o curves of the mater1als tested are shown 1n F1g, 5 23 he.V;;_yi

l-prese"ted T"e Ce” P"essures l”anxged up to 350 Ps1,vh19her

\. U
'stress stra1n volume change curves of the mater1als cons1dered -

'7llstraln relat1onsh1ps of the materlals were performed Noiif;ﬂff;ﬁtn

]the compar1sons w1th f1eld measurements The two analyses_;f;rfi;;f




;,_:_.'--as 03 and o.l ’-:j Instead of C and ¢».parameter5 c and ¢'_._

”‘f;j[must be- used for dra1ned tests Procedures for determ1n1ng
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{ay)’ Analys1s us1ng hxperbol1c stress straln relat1on— -

"higl The analys1s was conducted u51ng the tangent Young s
modulus and tangent Po1sson s rat1o to descr1be the nonl1near-7‘

'-behav1our of the so1ls as suggested by Kuhhawy et al;!

(l969)
.'The var1at1ons oﬂ-tangent ﬂoung s modulus and tangemt~x o
_ Powsson“s ratlo Were formulated by assumlng the stress stratn";e

' relat1onsh1p of the so1ls followed a hyperbol1c curve" The |

v'result1ng express1ons for these two var1ables are as follows

\

yl?Rf.ll>f,$in¢)(oitlﬂd§)']é-ti-f"oév‘-

o h F log (o /P )
B AR ores. cma e Eon,
k ha . Pa_ i)- 20 COS¢ + 20'3 51_-.n'-¢~ R

.'r‘,,.f In the above eqdat1ons parameters C ¢, h’ n,\Rf. t'f;
h,LF and d must be determxned from a set of trIaX1al stressli

"stra1n volume change curves having d1fferent confin1ng ﬁr

\779pressumes and P 1s atmospher1c pressure 1n th same unlts

”'fthese parameters Were described by Kulhawy et al %1969)

lfﬁﬂThe values determined for cha Dam mater1als are l1sted in

e
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For perform1ng th1s ana]ys1s, a subrout1ne descr1b1ng'A o

the hyperbol1c stress stra1n relationships, of the mater1§T§‘ L

(Append1x E) was 1ncorpora¢ed 1nto ‘the ma1n program hAppend1x

-

. B). ,
N Because of the conVen1ences prQV1ded in separat1ng
the vo]umetr1c and dev1ator1c itress effects, bulk modu}us,._ -
t.K,_and sheazzmodu]us,iG, were used. 1n the actual calcu]ationsf

They are re}ated to the tangent Young S modu]us, Et’ and

l,,tangent Poisson's ratio, ivt,‘accord1ng to S
o K =3 (V=2 v,) 0 e _.;(5:3’.0
6=y (ijVvt) AR '\'q'h“?wjf"af($74).n“ﬂ‘

"ilnﬂisl,a',/b

S1rwce arltjnrea] 1st1c h1gh ca]culdted bu]klnodulus w111 result when 03 115“

and shear stress approaches zero even though the so1l 1s not
1ncompress1b1e, a]] the nrev1ous relationships have been

: Q’]1m1ted toelowest 03 va]ue; about 2p51, and the h1ghest vt;?

,\n....; -

RN

'_to that suggested by Kulhawy et al (1969) for the 5011

.?-failure_1n tens1on was used The bulk modu]us was set the

< b',‘ ‘,¢ A

_“ac_same as: 1ts prev1ous va]ue,,but -the - shear modu]us was reduced
s,ito a low va]ue (e g nbu}k modulus/SO) rather than zero as
Squested | '.' l ) T - i - S

v

e

"f?s 9 | ?he der1vation of the modu11 1n th1s ana1y51s con815t5

“of 0. 48."#orjo3 1ess than 2ps1 or. zero, a’ s1m11ar apprOach ;;]fd?f

(b) Ana]ys1s USlng 1nvar1ant stress straln re]atlon-'ff;}ﬂ

Teel e
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of tonverting the conventional tr1ax1a1 test data to a
f%nm 1nVOIV1ng the three stress 1nvar1ants, the ax1a1 straln,

¥

and the octahedral shear stra1n ' D%ta1ls of th1s procedure
Weredescr1bed by Kr1shnayya (1973(a)).

The fo]]ow1ng express10ns were-usetho talcu]atg tﬁ%
stréss'tnvartants and v, .. from the thVenti0naI_brfaxial )

test data: 9

b |
Y |
: ot - (og + 20973 (5.5)
e Wars) Loy meg) (5.6)
J3 = o]»~ (03)2 r '(5'.‘7;);
- 77N
Yoct = (Vgy3). L3¢y - ¢)) (5.84

Hith thé 1nterp61at10n prbtedUrés, thexeiastic
'parametersbased on. these stress 1nvar1ants, Wh1ch were‘
detern1ned from the three known prknc1pa1 stresses in anA"
element,- were computed For two d1men51ona1 plane Straln
analys1s, the 1ntenmed1ate pr1nC1pa1 stres\ was ca]cu]ated

frow”

R . . - ‘ R . . ) ..

'wherefvswas'a tr1a] va]ue of P01sson S rat1a
"-Théishear modulus,.G,.and P01sson s rat1o, v, were

,obta1ned w1th the to]]ow1ng express1ons
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6 - (8 Toct(AEY)/(AYoct/Ael)’ - oo ; ! (5510).

<
!

N Vo= (3[%/5)( oct/Ae ) - S {i ;(5.]1)
| The Po1sson s ratio was ]1m1ted to a max1mum va]ue

of 0. 49 Since G and v were determ1ned the:bu]k»modulus

S was furth%r calcu]ated by:

A

K 3 T2y T | ".’(hs.lz)

When one of the pr1nc1pa1 stresses becomes negat1ve
(tensile)y1t was art1f1c1a11y set”to zero in the ca]cu]at1on
The main program ]1sted 1n Append}x B was deve]oped

’ or1g1na1]y to perform this a Tyfis. . : v-};ag. Hzi--;
o Due to the 1pterpolaCj\%ﬁprocedure adopted in- th1s .:

Nﬂapproach h tr1ax1a1 test data supp11ed must cover the

»stress range wh1ch w111 ex1st 1n the dam S1nce no complete L

test data were avaw]ab]e, the 1ower and upper bound curves
"havnng 0y of 0 psi and 950 ps1 respect1ve1y were extrapolated
us1ng the hyperbol1c re]atzonsh1ps and the parameters |

-ﬂdescr1bed in a Prev10us subsect1on (sectwon (a)) A]l the

stress straln vo]ume change data were supp11ed in v3h7~=

Y

'.d1g1ta] form for “the ana1y51s r.,':f
S fﬂ -QVQF- ”‘"“f. o -
5.7.2 Results 6f the. AnaLyses and The1r‘
o 1¥p11cat1on o .

The resu]ts from the prev1ous two ana]yses showed

s1m11ar trends in the1r predretlons Because 1ns ff1C1ent

AN ]
. ..

f.;.._ :
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stress- stra1n curves at c1ose1y spaced va]ues conf1num presanes
the deformat1ons from procedure (b) y1e]ded values’ s]1ght1y
larger than those from procedure (a). Desp1te the sl1ght |

~ d1fferences ~which resulted from the two d1fferent procedd@es
for: der1v1ng non11near modu]1, the resu]ts of both analyses -
°1nd1cated that the ana]yses based on tr1ax1al stress data

R )

owerest1mate the measured settlements by about 2.5 to 3.5 .

times. The compar1sons between pred1cted and measured

sef ]ements for several mOVement gauges are shown 1n Flg
‘?9 to F1g 5;3], The analyt1ca1 results for hor1zonta1
Mo ements are shown in F1g 5.32 ‘Unfortunately no re11ab1e

Based on. the 1nvest1gat1ons conducted for d1fferent

measurements can be used to ver1fy these

stress paths, Duncan and Chang (1972)_1nd1cated that the
s1mp1e 1ncrementa1 procedures uswn%Pthe convent1ona1 tr1-f”5f
ax1a1 test data resu]t 1n ‘a reasonably good pred1ct1on of
3 stra1ns for unload1ng re%gad1ng stress paths and for a rangeﬁ
- of stress paths 1n the pr1mary 1oad1ng range However,~: |
/Vﬁ?the pred1c;1ons are. poor for pr1mary 1oad1ng under constant "bf
| or. near]y co#stant stress rat1o (o /0 ) and for certa1n

A - ‘(

- other tYPES Of stress paths For stress paths W1th constantlg}vi;fk

Tor near]y constant stress rat1os the stra1ns predlcted usingfyff-inf

k

modu]us va1ues for pr1mary 1oad1ng are too }arge and those

pred1cted us1ng modu]us values for un]oad1ng re]oad1ng

are too smal]
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In view of the results of preV10us 1nvest1gat1ons,
it seems, obv1ous that deformat1ons in: an earth and rockf111
7dam dur1ng constructlon do not occur under convent1ona1'
triaxial stress path cond1t1ons The stress path fo]lowed ts
‘most 11ke1y constant or near]y constant stress ratlo path u
Y ",>: at 1east for most of the volume of a. dam ' Regard1ng the
trat1o between~the w1dth‘and the helght of the f1]1'dur1ng
‘construct1on, it may further bg ant1c1pated that the actualA
stress path in the maJor part of M1ca Dam approx1mate1y follows,h'
that of the oedometer test (K -stress path) The degree of
approxtmat1on w111 be stud1ed 1n a . subsequent sect1on by - ;;% .
compar1ng the" deformattons pred1cted based on h -stress patﬁ

yr

and the measured deformat1ons _. S ;:-A- _”5f S

5.8 “Analyses Based on Oedometer'and o
‘ 'IsotropicvCompression'TeSt'Data'z .

5ié‘] Tota] Stress Ana]ys1s _ : R
.v The ana]ys1s was perfqrmed to obtain the d1str1but1on
_of tota] stress w1th1n the dam _ The 1nf1uences of pore ’,f o
>fpressure d1551pat1on on embankment behav1our were not N
__zzcons1dLred 1n the analys1s The method of der1v1ng nonlinear 2;fi
'.fmodu11 as descrwbed 1n ChapterII was used As dtscussed 1n

-'that Chapter the Po1sson 5 ratlos determ1ned may not vary

.as1gn1f1cant1y thus constant values of thts parameter were used. ;;
h_;;for each mater1a1 throughout the ana1y51s 1he va]ues used |
-;t'are ]1sted in Tab]e 5.5 LTI | S
: Because of the non11near stress stra1n behaV1our of

‘the Soil,pcorrect1ons are somet1mes necessary when the _»~”
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:wresults, 1t was notwced that the vert1ca1 strain at th1s ,fi;*”

’i;ggvel of - 10 p51 ; As dvscussed in Chapter II Mica T111

191

'1aboratory data are- used to. 1nterpret the<;1e1d measurements
‘and consequently to predict the f1e1d perf rmance ' The zero~

stress and strain for the soil 1n the laboratory and that

t

'uthe Fill must berefawed to a comparable cond1t1on | The'

zero stress and stra1n for a]] -the samp]es tested 1n th1s

d1nvest1gatlon were refmwed ‘to the state after compact1on

.‘

_However, due to the 1nsta]1at10n procedures for each new

ca51ng 1n vert1ca1 or near vert1ca1 movement gauge as shown
s

in F1g C ] of Append1x C, the zero straln for the so11 1n the

/

. f11] was referred to a state’ of hthng 10 to 15 ps1 of vert1cal

-

stress after” the compact1ona A]though th1s pressure was . -

sma]] Compared W1th max1mum vert1ca] stress that wou]d be R

'"exper1e?ced in the dam the magnmtude of the stra1n wh1ch
occurred under th1s pressure was h1gh1y dependent on the water

“7content of the 5011 (Gould 1953) From the laboratory

P

”dfbressure for compacted M1ca T111 w1th wa@er content the

;fsame as 2nd,u3rd and 4th year C°¥e f1]} was sma1] Thefi;fg |
:;55tra1n for those as in the f1rst year core f1]1 cou]d be as ;: =
':;h1gh as 1 to 2% In order to be comparable, the laboratory |

'ufstress stra1n curves used for the f1rst year core fi]] 1n the

analyses were corrected by sett1ng the zero strawn at a. stress Een

d"samples prepared by kneadwng compact1on 1n 7 layers with 70

S o

';the state of compact1on 1n the fie]d The average and p_flf?ftseef

SR




.ﬂsmay examlne 1nd1rect1y whether or not the stress path 1n |
"ushells and r1ver overburden of M1ca Dam fo]]ows approx1mate1y5fifu
?f"that of the oedometer tests (kd-stress path)ts If close i
w"-agreement between observed and pred:cted deformations are

.;obta1ned, then 1t may 1nd1cate the ex1stence of c]ose to

"~der1ved uswng the fo]lowlng express1ons

'tfhnd,}
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corrected stress stra1n relat1onsh1ps of the t1l] samples

'_hav1ng gradat1on No 1 and prepared by the prev1ous compact1on.'n

-method were used 1n the analyses . These tota] stress stra1n

curves are shown in F1g 5.33.. i ,"' '; ._ﬁgjf

S1nce the 1aboratory stud1es on. stress stra1n behav1ouna;

~-f.fof v1bratory compacted sand and grave] materlals were not

1”C]“d9d in the Present 1nvest1gat1on, the approx1mate vert1ca]_;i

| _stress stra1n re]at10nsh1ps, wh1ch Were descrnbed 1n sect1on {9f
Ii¥5 5. 4 have been ut111zed for the ana]yses In the ana]yses,njsf
“these. relat1onsh1ps were cons1dered as maJor pr1nc1pa1 stress“ﬂ;~e

.and stra1n re]at1onsh1ps obta1ned from oedometer tests ‘Thg7i7

i

| 7curves plotted 1n the new coordLthes are shown 1n F1g 5 34‘;5ﬂ¢n

With th1siﬁnterpretat10n ofthedhrmer stress strain data, one:f”'*"—’-~

.uK -stress path cond1t10n Slnce no excess pore water:ff’itffff?ni
'-ppressures,were measured 1n sand and gravel materia]s, the Vfi%f,ffﬁ

.J”curves m1ght be used for both tota1 and effective stress :

na]yses Po1sson s rat1os for these mater1als were f{f_jﬂffﬁ#?gﬁm

(H

BRI s n¢ sl - (J aky-l 944)




. where RES the angTe‘of shearing.resiStancehand'Kb;isAtheA '

‘rf'the stud1es and ana]yses with and w1thout bedrock movementSpfﬁfheg

- dwere Performed ' The 1ncrementa1 movements of bedrock as h;’7

“cishows the pore pressure measurements 1n she]]s at the

coeff1c1ent of earth}preSsurewat[rest;i'The'va[ueshofim
used are those 11sted.}h‘Tab1e'§‘4t o v _'-’ |

In the ana]yses, the change in stress stra1n behav1our*'m
due to wett1ng was not 1ntroduced for the mater1als under': .

submergence As de3cr1bed in Chapter I, th1s mode of

Vdeformat1on was exc]uded 1n the present study Moreoever,;;{pihtu
un11ke the cases of reserv01r f1111ng and steady seepage_ﬁ‘f

| O”]Y a very smaI] port1on of the dam was submerged durlng o
| L hf»éfv'ﬁ?*vit“";:,,ﬁ,a. S

vconstruct1on

The 1nf1uence of bedrock movement was inc]uded \n f:hfﬂl

~,

' ;‘shown in F1g 5 13 were 1ntroduced 1n the ana]yses whenever55-7fﬁ

_they were cons1oered

'dvyfb;é‘znihnalys1s‘of Construct1on‘Pore.:;fffil"::

Due to the th1n core of Mica Dam two dlmens1ona1
vﬁafd1ss1pat1on was assumed 1n the ana1ys1s Zero excess porellf7¥ﬂf*
4‘fpressures were assumed at the boundartes between core and

"Qfshells Th1s assumpt1on may be Just1f1ed by F1g 5 llffwhichiﬁtf*
e LS

‘ 'g"locat1ons 1mmed1ate}y bes1de the core The ana1y51s wasm_

""3;performed w1th the f1n1Le element program descr1bed 1

z"flﬂganaTys1s were used 1n the present analy51s

Chapter Iv Total stresses obtained in previous tota"

'."',."



:u;ufuana1y51s the average va]ue was used forﬁff,“"”"

"-jftests were also rev1ewed The ways of de

in’ four years of core f111 The samp1es are formed w1th Mlca’
ST havmg gradatwn No 2 (F1g 2 8) The test resu]ts

.,determ1ned on samp]es hav1ng gradat1on No 2 Were used due to

: feffectcthe amount of water reta1ned 1n the f1nes~ : he B va]ues v“f’
g:'used 1nthe ana]ys1s are 11sted 1n Tab]e 5 6 D1fferent B 2
"gva1ues were used for each year s f1]1 for dlfferent construction

f'seaSOns

- part1a1 d1ss1pat1on tests for M1ca T111 hav1ng htgh water

“d-that C va]ues d]d vary somewhat wtth the stress levels,@for

5?pract1ca1 purposes they may be assumed constant More

"éfrange S1nce no reltable va1ues were obtaine_

3hav1ng a 1ower water content the same a;erage value was.

o ’ -_19.4.

The pore pressure rat1os B used in the analys1s ard

.('

:the va]ues determlned 1n oedometer part1a1 d1$$1pation tests s

~on samp]es ON 3 and OD 8. These two samples have water

contents correspond1ng to two d1fferent average water contentsifuff

"the 1nf1uence of stone content The so1ls haV1ng the same

“‘ft;gross water content may dwffer 1n pore pressure responses due

the d1fference 1n stone contents The stone content may

‘)-' .

Tk

e The summar? of C va]ues determ1ned from oedometer ;;;3"

'-kfcohtent has been presented 1n Table 2 4 The average of these }dh;;

Vﬁva]ues is about 150 ft /month A]though 1t m1ght be noted

.slvar1at10n mlght be expected 1f some va]ues wer"" \

;'v‘streSS 1evels lower than those described H:

i

' For compartson. C

v va]ues,derived"f om se,e_
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| descr1bed br1ef]y as fol]ows |

-‘(a)f C determ1ned from tr1aX1al d1ss1patwon tests

The deta1ls of th1s procedure are g1ven by B1shop and

L
6

‘Henke] (1957) Durlng the des1gn stage of M1ca Dam, some T

~tr1ax1a] d‘SS§D6t1on tests were performed on M1ca Tlll fThérlfi"

"«, samp]es tested were compacted w1th the standard V?octor effort 7;:

jfand had water contents of opt1mum and 2% dry of opt1mum}ydfjff;[f7

- Severa] d1fferent conf1n1ng pressures were used 1n the tests

'711.cThe results of the tests are shown 1n F1g 5 35 From this

'“7_1”fof consoT1dat1on 1s about 10 x 10 3 cm /sec (or 28 ft /month)

"flgure, 1t can be seen the average va]ue of the coeff1c1ent

hOne particular feature of these tests was the occurrence of

't hree d1mensvona] stra1n dur1ng the d1551pat10n stage.;;*‘df'

A

j’.;th) C determ1ned from 1aboratory permeab111ty and

. oedometer compress1on tests Some d1rect permeab111ty tests

- were performed on M1ca T111 1n the tr1ax1a1 cell w1th d1fferent,bg;

b"-conf1n1ng bressures dur1ng des1gn stage, The test resu]ts

:'{are shown 1n F1g 5'36Q9 From th1s f1gure, 1t can be noted

”ﬂfthat the average coeff1C1ent of permeab111ty,lk fdr}the ?ff

:ﬂ21b111ty, m a for the same mater1a14_sffa1cu]ated s 0.5

s ‘:_'»st ]




.';Va]ues_iseaboutt91"ftpzlmooth;;f -,ﬂ"

.V

+

_;(c)f C determ1ned form laboratory permeab1l1ty and i L’fz

150tr0plc Compre551on tests In add1t10n to the oedometer R

J

compress1on tests, 1sotrop1c compreSS1on tests are a]ways

"‘used for determ1n1ng the compress1b111ty of the so11 The

'.average bulk modulus (K) determ1ned from these tests for M1ca.;ff‘

:;dT1]1 w1th water content of about 8. 8% 1s about 1600 st 'QASfE;ﬁJ”

"ffthe rec1proca1 of bu]k modulus, the volume compress1b111ty

N

."for the same materlal 1s 0 625 x 10'3 st ] Us1ng th1s.f¥"‘”

'._iicompress1b111ty value and the value of coeff1C1ent of. per-_'

"1'meab1l1ty descr1bed in preV1ous sub sect1on (b), the C

f1s ca]cu]ted as 73 ft /month

Foh eas1er compar1son, the C va]ues determtned from e

h;var1ous methods descr1bed 1n th1s sect1on are 1rsted 1n Table ujfs

'-5 7 From th1s table,.tt may be noted that due to the

| ?_T'd1ffereme‘nxstra1n cond1t1ons of the tests, the value derivedﬁfﬁ;

| ?iﬂ;}deformat1ons of M1ca Dam'dur1ngvo!nstruction has been

‘&ff{"AW1th the effecttve stress analysis Deta1]s of the a"a.YSf

h‘L”from tr1ax1a1 tests 1s generally lower than that from the

'o;dometer tests : As d1scussed preV1ously, the stra1nw

fect1ve Stress Analys1'

The 1nfluence of pore pressureed1ss1pat1on on t
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Procedureshave been descr1bed in. Chapter IV : Tota] StPESS“

"‘1and pore pressure results obta1ned from the ana]yses :

”~fvd1fferent average water contents For the reason ment1oned

P ;__"b-.‘stY‘a’ln re]at](;nsh]ps determ1ned/‘in oedometer tests fOY‘ the

‘1hjt111 samp]es haV1ng gradat1on No ] and prepare;

fffnfare shown 1n F1g 5 34 Constant vaiues of Po1sson s_raﬁio

”Lffwere used< The value for each mater1a] 1Sf1i5ted ’" Tab}e“5 B

'-M‘d1scussed 1n sect1ons 5 .8 v and 5 8 2 respect1Ve1y were
Lut1]1zed in th1s ana]y51s "‘ ; '\' | ‘
| Ihe varfat1on of core f1l1 elevation w1th t1me used 1n5fi;
‘ﬁ”,the ana]ys1s to dhgrox1mate the actual construct1on h1story
::of the dam oore 1s shown\1n F1g 5 37 For c]ar1ty, the 11ft‘”cﬂﬂ
B hnumber ass1gned to the s1mu1ated construct1on sequence of the}f?””
Jdam 1s a]so shown In 11ft No 5,:a1though there are no E
>p7change 1n core f11] elevat1on but there 1s some add1t1ona1
-:f1]1 in the she]ls 'w~?1fj?ff‘“ 4, e _: | ”'h
H_ The effect1ve stress straln CUrves used for the core
'smaterlals 1n the ana]ys1s are shown 1n F1g 5'38; iTwo;fnf;ff~;f?hf

:d1fferent curves were used for the core f111 wh1ch had two

odn sect1on 5 8 1 the curves: used are the average stress-.f~ s
| T

=by knead1ng f"*k

_5used 1n tota1 stress analyses These stress stra1n curves

\

"mbeen d1scussed 1n sect1on 2 12 ; For sand and grave]mm;;
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the same vaTues as those empToyed 1n the tota] stress anaTys1s

- were used

”5L9 ’ResyTts'of”%haTySes'Based'ons'
Oedometer and Isotropic
Compress1oN Test Data -

? sSQQTJ £mbankment Deformat1ons tffsffdan\ . |
o The resuTts of caTcuTated settTements from effect1ve fl*;'
stress and tota] stress analysls together w1th the observed .
- values at the end of the constructaon in severa] movement t,:”HVT"
gauges are. ShOW" 1n FTQ 5. 39 to F1g 5 41 From the results;_ﬂ?. 5
Tt may be noted that the effect1ve stress ana1y51s 1nc1ud1ng | |
the rea]ist1c boundary cond1t1ons has 1mproved the pred1ct1on ‘:-u
of sett]ement 1n the core The d1fferences between total"” T
stress and effect1ve stress anaTys1s results for M1ca Dam;if?f)?;;r?
are about 15 to 20% of settlements observed at the end of3fe:iasiﬁyv.
construct1nn The ga1n 1n accuracy 1s usuaTTy pronOUnced}iTQ;;ré?;’
for the case where the percentage of deformations due to pore‘

pressure d1551pat1on is high For the case where defor-;; ».73”*

'aa} mat1ons due to pore pressure dlsslpatlon are Tess 519nif1cant. VC}FTV

totaT stress analys1s wh1ch empToys the stress strain reTation-'ﬁ*”“7

sh1p fo]]oW1ng the stress path cond1t1on ant1cipaded]1n the

f‘eld may also predict the settlements durlng construction e b
Jfgf's 39, as

e

| w1th1n the accuracy generaTTy required1n pract1ce mInﬂ

nght be noted the caTcuTated sett]ements:ﬁ“r MV9"are

sl1ght1y hlgher than the observed values ’fThislvaement gau

: 1s Tocated 1n the core.. but cTose to the core anfisheT] 1nterface /

“Nloped

p

where h1gh shear stress are usuaTTy de The lower~
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- o'bse'r'v‘ed values seem‘ to '1'nd'1'cate.that the p‘r"e‘Se'nce of 'less: flélel_e o
";cas1ng of : thelgauge ‘has reduced the magnitude of shear | “
R deformat1ons in the surround1ng s01l As may. be expected
there are no 51gn1f1cant d1fferences between the results of
total stress and effect1ve stress analyses 1n the shells
,The calculated settlements are in reasonably good agreement
; w1th the observedMValues The dev1atton of calculated |
k fsettlements from observed values 1n MV5 as shown 1n F1g 5 4?‘
*‘tﬂlS’ in fact, due to the d1fferences in. geometry between the[ﬂane‘_f
;of analy51s and the plane where MVS 1; located o o

Although no . rel1able hor1zontal movement measurements

'fcan be used to verwfy the calculated values 1n Mtca Dam,¢ fg75j1557

‘f1t 1s 1nterest1ng to note that calculated hor1zontal movements:
| fshown 1n F19 5 42 arecﬁ'thesame order of magn1tude as those lﬁ
}'imeasured in 0rov1lle dam (kulhawy et l l972) Loy

;max1mum downstream movement n the center of the downstream‘aefz,jé

fshell of 0rov1llecmm was about 0 6 ft wh1le that calculated

A¢for M1ca Dam was aboyt 0 5 ft The helght, the locat1on of fhi

- F~the slop1ng core and the conf1guratlon of the dam are qu1te

¥

’7ogds1m1lar for both dams Moreover,-max1mum settlements 1n the

d»';core and ghe shells of these two dams were about the same

:iialthough somewhat less 1n M1ca Dam ' Thus, 1t was c0ns1dered 57fif

v e

‘%ithat the calculated hortzontal movements m1ght not be tOO

: ffar from what m1ght be obserwed,, ';:rf}

.°~.

e



f~g;are usua]]y more than those ca]cu1ated w1thout bedrock

d"*;fsett]ements w1thout mak1ng approx1mate adJustments as

[ S o ‘. . _ o 200 .

5.9.2 The Influences of Bedrock R Sy

Movements ) | . ; ' T =

\ 1

Some results of maJor pr1nc1pa1 stresses caﬁcu]ated
from the total stress ana]ys1s w1th and w1thout 1ntroduc1ng
bedrock movements are presented in F1g 5 43. and F1g 5 44
.From the resuits, 1t may be noted: that there 1s a trend
*;toward reduct1on of maJor pr1nc1pa1 stresses w1th1n the core
due to the add1t{ona1 d1fferent1a1 sett]ements caused by |
51ntroduc1ng bedrock movements These add1t1ona] d1fferent1a1
sett]ements 1ncrease the 1oad transfer effects between core'
and she]]s However, for M1ca Dam,.the differences 1: the fd:lh"
"vresulfi of the two ana]yses were not of pract1ca] s:gn1f1cance._.:

As wou]d be ant1c1pated the embankment sett]ements |
:calcu1ated from ana]yses w;th and w1thout 1ntroduc1ng bedrock
settlements are not the same : From the 11]ustrat10ns shown
1n F1g 5 45 1t may be noted that the d1fferences are more
'for the ]ower port1on of the dam’ Th]s S1tuat;on happened
fs1mp1y due to the 1ncrementa1 construct1on of the dam TThe}i“

to-

:°lsett1ement$ ca]culated #rom ana1y51s w1th bedrock sett]ements

S i

=

'ﬂdescr1bed in Append1x D the observed sett]ement data genera]]yhb;f

A

”adnclude the 1nf]uence of bedrock sett]ements Hence, the;f'sﬂf';;j

"he;a;proper compar1son between observed data and analyt1ca1 resul;s_}”f”

o QQ

A397,;fcan on]y be made 1f the bedrock settlements are also cons1dered'gi,

'_1n the ana1y51s :f;A“;;, sg7tﬁ4;'ff;;;jf‘ﬂ*-if“f' e
S DD e L e T T
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Due to the increased concern_for horizontal movements

"regUlting from foundation settiements (Lee and Shen, 1969)

&

zglyses W1th or w1thout 1ntroduc1ng bedrock sett]ements are

resuits of hor1zonta1 movements ca]cu]ated from the

exam1ned and presented 1n F1g 5, 46. A d1fferent movement
’ijﬁgghantsm was observed as compared to ‘that.in homogeneous ‘
lams . Rut]edge and Gould (1973) summarlzed the observat1ons
di horizontal movements of concrete p]pe condu1ts near the-
ba;e‘of se1ected earth dams f The1r resu]ts 1nd1cated that.
urther foundation. sett]ement 1nc1uded the outward movements
{n the dams. When the bedrock sett]ements were 1ntroduced
71nt0 the ana]ys1s of M1ca Dam, the resu]ts showed reducttons
'1n outward movements, These resu]ts appear to 1nd1cate that
‘1n earth and rockf111 dam W1th a. soft S]0p1ng core, the bowl
shaped §ett1ement pr0f11e of the bedrock tends to cause the

o]

_shel] mater1a1s to move 1nward

T R
LY

m:5t953 Load Transfer ih the Dam
Due to the stresses be1ng 1ess sen51t1ve to errors 8
in stress stra1n data the computed stresses are genera]]y e
‘fbel1eved to represent the f1e1d stresses under the same _ N g
.boundary cond1t1ons 1f the movements agree "fﬂfwas descrtbed |
'“LJn the d1scusston of ana]ys1s resu]ts (sectlonys 9 ]),reasonab]y';
good agreements between observed and calgu]ated Settlements';i B
'were obtatned ’ Thus, it mtght be 1nterest1ng to exam1ne the
'rhdegree of 1oad transfer, wh1ch m1ght ex1st in Mlca Dam as the}.‘

©oresult of d1fferences in’ compress1b111ty of the materIals,.#

'from the ca]culated stresses 1n the same ana]ys1s
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To 1l|ustrate the load transfer mechanlsm,

overburden stresses and calculated total maJor ernCIpal S )

o stresses on a horlzontal plane 1n the dam are presented in

Flg SlFBZ As may be seen, major. pr1nc1pal stresses h1gher
and lower than overburden stresses were calculated for the
shells close to the core and the core respect1vely From F1g.:
5, 44 wh1ch shows the var1at10ns of total maJor pr1nc1pal stresses
at ‘the center of the core with he1ght, it may be noted that
stresses- as low as 50% of overbfrden stresses were computed for

' the lower part of the core. The resul presented S0 far |
‘ :were obta1ned from ZD plane stra1n ana?Ss1s In th1s analy51s,
the effects of cross- valley load transfer are usually not | ,
'cons1dered : The values ‘thus determ1ned may be regarded as the S
_upper bound of actual stresses under 3D condltlon }l |

To 1nd1cate the magn1tude of the poss1ble reduct1on .

“of a] due to load transfer in the cross valley d1rect1on and
to study the p0551b111ty of a core endangered by hydraullc .“b 2
'fracture,_results from 30 (Slmmons 1974) and 20 analyses e
are presented 1n F1g 5747. In the same f1gure, the hydro-5-~“'
:stat1c pressures wh1ch may exlst in the dam durlng the max1mum:f{li
:he1ght of the reservo1r are also shown ; From thls ftgure,'
1t may be noted that 1f the hydraul1c fracture mechaniSm
'fd;postulated by KJaernsl1 and Torblaa (1968) and shown 1n A

Fig. 5. 48 is’ adopted, the stresses 1n the core below elevat1on;1?fz5f
| ‘l950' are. 1n a marg1nal state Hydraul1c fracture may in: factftffj':

5start to odtur when water pressure exceeds the m1nor pr1ncipalt7“fﬁii
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. stress-' The cr1ter1a for. hydrau11c fracture based on/o3 may
also be used Th1s cr1ter1a is’ more conservat1ve and it may
be more su1tab1y used for the des1gn Here the maJor pr1nc1pa]
tstresses are exam1ned s1mp1y to emphas1ze ‘the 1ow str;ss ‘
condition wh1ch ex1sted in the dam Low m1nor pr1nc1pa1
stresses are s1mp1y re]ated to 1ow maJor pr1nc1pal stresses
However, due to the excellent se]f hea11ng property of the
‘tlll and w1de f11ter 20ne on the downstream s;de of M1ca

‘Dam, even though the water pressure dur1ng max1mum reservo1r
may reach the same magn1tude as- o] or 03 in the 1ower parts of

7the core, the fracture or. p1p1ng is- unl1ke1y to happen

dExcess1ve leakage may not be detected

5.9.4 Constructvon Pore Pressuresnétfux 71? ?';»;flf_'}jf:
,. From the compar1son£ between observed and ca]culated r

:f ypore pressures as shown 1n F1g 5 49 and F1g 5 50, 1t may

. be noted that the agreement 1s genera]]y good except for
.PP21 and PP20 wh1ch areabout 200 ft from the plane of
-ana]ys1s The ca]culated values,_wh1ch are presented for ”:;
t‘fcompar1son, are the resu]ts for the prOJected pos1t1on of

Vp1ezometer PP21 on the plane of analys1s Some d1fferences
_uin pore pressures Surely could be expected due to different

':dra1nage paths resu1t1ng from d:fferent geometry even 1f no‘AA:”h

‘ -other factors were 1nvo]ved However, the ma1n factor fbr the

.;h1gher observed va]ues was con51dered as the resu]t of wetting ,;_;ﬁ5

'j of 1ower parts of the core affected by upstream and downstream

.f_water
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In M1ca Dam, the she]ls are free dra1n1ng Theoret-

: 1ca11y, for the p1ezometers 1ocated at the same e]evat1on

| w1th1n the core, the one c1oser to the boundary shou]d have

~the. shorter dra1nage path and hence ‘the 1ower excess pore

. pressure This pb]nt 1s demonstrated 1n-F1g 5 49 by the'
.ana]yt1ca] resu]ts for PE25 and PE26 wh1ch are located close: '
hto the boundary and near the center respect1ve1y However,

’.“as 1t may be. noted 1n the same f1gure the observed data show‘

-the oppos1te trend The reason ﬁor the lower va]ues measuredfih

in PE26 may be specu]ated as be1ng the resu]t of the cas1ng'7'

of the movement gauge 1ocated near PE26 served as. a dra1nageﬂ L

.- - . .
. -

path _ ‘ | »
In TabTe 5. 8j B values used in the ana]ys1s are

Acompared w1th observed r values The d1fferences betweenlit

these two values are c1ear1y shown As d1scussed ln a previous vi

sect1on,’s1g 1f1cant 1oad transfer ex1sts in M1ca Dam,‘hence '4j'

ethese d1fferences can be expected 1f_;il,_
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STATISTICS FOR NATER CONTENT AND DENSITY IN MICA DAM N:

"“x S

Year .

Zone .

Dry

- Dens1ty'
o lpef)

Nater

Content '_f5

(%)

Dens1ty }*’*
,_(pcf)

1969,

om
N

";1;131
.14,

1441

1

1j§f'a
4

‘~—-f KVN‘—’

76
LT

:ﬂgng."Nﬁ:-
156,00

| 7?f14i}
'"Lf;f]46L
:j;j1453

T —

_Lffj;gg;jﬁsi 0

.NVM]foNﬁN
M2
Cower o

'NNj}naq;
'c?1145;
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LHAPTERVI S
wnu.usxons AND RtCOMMENDATIONSw» . |
e FOR FURTHER RESEARCH ; R

-"6?1; Conclus1ons “HF ";;fj7?95:5°f7§'"2f;:7f‘f;}v:§gs,Viaf?.éiefﬁ?
o ;“ lhe f1n1te element method is a, powerfu] tcol for |

deformatlon and stress analysis of earth and rockfi]l dams..;wiiiqi

However, the method 1tse1f cannot guarantee the accuracy et

"7*of the predict1on.~ Stress strain relationships used tof

“'fff1nfluenc1ng the acc%fECf*7f,*:"

.'fﬂf{ﬁresults of p]ane straih




':'1rf-descr1bed 1n the follow1ng section54

B | .frf 263 .
fcan be obta1ned from thls simpler analys1s as the max1mum

'*4sett1ements and outwawd d1sp1acements of the dam usually

. ;take p]ace 1n th1s sect1on | .," h.. 4h‘. _.w.. B .

B For c]arlty, the ma1n conclusions which are re]ated

'f;ntb the deformation analys1s of earth and rockfi]l dams arev3;7e*“’

.\t'

i ‘6;i>1 Stress stra1n BehaV1our of
PR cOmpacted 5011

From the compre551on tests performed on Mica T111,

”"flt has been shown that stress stra1n relationships'of:a“°57”



“7inpgstigeted;ff:qﬁ'37
. 6 1 2 ‘Pore Pressure. Response and

" wcDrainage Charactertst1c 0f5§r7f3§‘f772°"1'”
;gzcompacted Sow] Ty

Pore pressure response of compacted soil 1s matnly

| 7‘"f1“e"C8d by water content and the coarse part1c1e fraction.f,;ﬁf

*‘frI" the oedometer tests performed on Mica Til], it was found

/

Ag.f.jthat the spec1men w1th h1gher water content and higher c°§”se;‘iﬁ$?

p,;/:;partlcle fract1on usuq]ly had higher pore pressure ratio, ,.,,

B..«s..r, R A
. AP, .

Jc,a._,_.a;f~- e

Pore pressure d1ss1pat1on tests can :be - used to ' -3if§155*

Aedetermlne sat1sfactor11y the coefficient Off’*“

"f?}ch, of compacted soi] w1th water content aﬁout ontimom.id;;?”a”

"’»f53f61f The Simu]atlon of F 161

atgria]



;.{ less pred1ctab1e dur1ng the des1gn stage The test

5, embankment, wh1ch 1s usually made before the construction
of the ma1n dam, should be regarded as an 1mportant item
from wh1ch expected water content and dens1ty 1n the main .
'h*\\dam may be obta1ned For samulat1ng f1eld compact10n with a. )
1~ rubber t1red roller, 1t has been noted\that kneading o |

.compact1on 1s more appropr1ate and versat11e than other

compact1on_ methods

6 1 4 The Cons1derat1on of Stress ﬁffﬁfff”;f'“*'“'
Path Dependency e L

qf construction behaviour of Mid””




B ’“"x3266;1fttf
;an1sotropy whach is most 11ke1y to occur in a dam 1s cross~
";anlsotrOpy F1ve elast1c parameters are requ1red to

j‘;descrlbe this type of mater1a1 By studying individual

- [f effects from three parameters,:EH, VHH and G (sect1on

3 8. 4), wh1ch are usual]y not determined on mater1a! regarded"“A

”:}as 1sotrop1c, lt ws found that the parameter EH has the most

'Y;f51gn1f1cant effect on the behaviour of a typical embankment

5e“If EH is Iess than the value required for 1sotropic condi¢ions§fef}

hsfpm;ﬁ(i e. ,’v > E ), the results ca1cu1ated from 1sotr0p1c




'*wfsofter than the shells and hence load s transferred from

"35;core to shells As a consequence of th1s type of load

J:¢ieo267iweuJ

'Tsettlement of the core In most 51tuat10ns, the core 1sf-ﬂ3

?fitransfer, settlements 1n the core are always less than those’fft”
dfs1n a homogeneous dam bu1lt w1th core materla] ﬂ“,_;,f:i__

: Load transfer can exert a 51gn1f1cant influence on ‘-dfif'
'N‘ﬁthe pore pressure set up n the core durlng construction x

'fpop the case where the core 1s softer than the shells. pore ijffﬁﬁ

"*“fqpressures calculated w1thout}considering load transfer Wi]]

1f¥.f,overest1mate the actual values The use gf the aSSumptlon S

“vg;of vert1cal stresses equal to overburden pressures;l'”'u

“'f?ffbressure analyses,.is unsuitable for a central core A

‘73-Jdam1‘ {ﬁliléfju?vign:,,

- WS



"fl{mgenerated and partia]]y dissipated as the dam s being

SR e T e T 268
1.7 Pore Pressure Dissipationand = . * = . . o
Deformation Durinngonstruction,;.'s* PRV

| ::-fﬁfi_ In the central core of the dam, pore pressures are | _79

’;fJbU}]t ‘ DiSSipation of pore pressure 1s especialiy noticeable
‘fduring winter shutdowns.u when pore pressures are generated, f

*defdrmations occur more or less under undrained conditions

i

ri;;}Additionai deformations folldw whiie some pore pressures

h'sj;fare d1551pat8d Thus,'deformations in the core during

“ﬁfjconstruct1°" are not totaliy under undrained or drained

Eh ’conditions ’In order to caiculatecdeformations of this

' »:}Effective stress ana]ysis performej'uithe study of con-~-

‘“7nﬁ7struction behaviour of Mica dam has reasonably determined

‘.,

:effective stress anaiysis has been suggesmed

‘.

CA /k‘

'ihfhsthe additional settlements which cannot be obtained frOﬁ a

”1:;ftomal stress ana]ySis ,/

f;;ﬁj The present study has a two foid effect o




(1) The analys1s of deformat1ons of earth dams :

presented here is . 11m1ted to the per1od of construction of

. dam, It is equa]ly 1mportant to study the deformation of

'earth dams under other cr1t1ca1 cond1t1ons. such as rapid

.'drawdown, earthquake load1ng, f1rst f1111ng of reservoir and f7?’

‘. steady seepage. A " R f o ...

(2) An elast1c stress strain mode1 can satisfactori]yff;ﬁ“

| 7rS1mu1ate many aspects of so11 behav1our up to fa11ure and

":lﬁgihas been successful 1n many pub]ished app11cations This

:?,tmodel however. cannot describe properly certain characterﬁ;f?;'

‘e;s(1nclud1ng dilatancy) and plast1c deformations Jt fs

4

,'Aist1cs of 5011 behav1our such as volume change due to shear —thgff

'°k5de51rab1e to develop a stress stra1n mode1 which can incorpor-7

Cate’ these facets of soql behav1our and be affectivel} used 1n ;f}fﬁf

v..,...—«“.,

'”h’the deformatron analys1s of real soil structugesdv'“'y

(3) It 1s an 1ncreasing practiceﬁio buildianyearth :'_57*




- performed tr1ax1a] and aedometer tests

: .stress stra1n behav1our w1th data from more conven1ent1y

-27‘0"

Vel

Te

“(5) Re11able f1eld observat1ons on stresses, pore s';f;g o

-onressures and deformat1ons aré of great value 1n ver1fx;ng

'for 1nsta1Hngs pressure ceHs and Qo obtaln réfaab]e total

- measurements are of va]ue 1n verlfy1ng the existence of low 'wﬁ;?*1ﬂ
,d}vert1ca1 stresses in the core due to ]oad transfer and.t0 ;%{s

'evaluate the actua] stress paths in the dam fhﬂtf;;5ff,§f,;t;l;ig;3;

the analyt1ca1 and testing procedures deve]oped for the 'ﬁ;i”“‘”

‘»deformat1on analys1s of earth dams The rate of previous
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A | | T “APPENDJxﬂA | - - 'ﬁ |
“» ., LABORATORY TEST RESULTS

This abbendixlpresehts'fhe reSUlts'df'the:testS"
:described in Chapter II. The results of oedometer compress-f
jon partial c?dmsswat]on tests are gien 1n F1gs A 1 to A 16;
-, Figs. A, 17,to A. 19 are oe&ométer compress1on dra1ned test
‘i results, . The suésequent f1gures are the results of. 1sotrop1c .
'compre551on part161 d1ss1pat10n tests Des1gnat1on used
For each sample here has beeﬁ ]1sted in - Tab]e 2.1, For each
_part1a1 d1;s1pat10n test performed the pora'water pressure
at the base, the tota] stress and the effect1ve str?pf'ibrsus

“strain of the samp1e are presentedrel PR S
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APPENDIX‘BI

“FINITE ELEMENT COMPUTER PROGRAM FOR TOTAL R
0R EFFECTIVE STRESS ANALYSIS |

s N
- B.1 Descr1pt1on of the Program L .~!; _j. ,_*.5

The program presented in th1s appendwx 1s used for4
”!two d1men51onal f1n1te e]ement ana]ys1s ' The anaIysts cani'ﬂ
~.be performed in terms of either totaI or effect1ve sdresses;h,7“.”

'The presenf)program was mod1f1ed from program FENAZD coded "Qf»ﬁj-

- by Kr1shnayya (1973(a)) The fac1]1t1es added have been

'fdescr1bed in Chapter III Fortran IV Ianguage was used 1nv355"‘
Hprogrammlng The mach1ne adopted was IBM 369/67 computer;*f
rsc'iw1th a- MIS operat1ng system'f57f'g‘?;:ﬁi-' R ‘ k
| ‘ ) The program 1n the present form can handIe a problem |
:'Iess than or equaI to the foIJOW1ngys1ze R?hali;}dfr'iﬂKQ: ¥§%f;f1}‘
o Number of e]ements 1400 ‘A. p | | v
v;qumher ofaread elements = 600 ?i:]fwf=ﬁ'“
?jNumberiofsnodes 750 .
"'ﬂknamaer{bf,read nodes 500
.".hhumherROt‘boundary nodes 66f{*5§&I

afanmher Of ceII pressures at which tr1ax1a1 data
3 supp11ed ]o e{_}faa : v

LW L ,: -:_ S0 R.' . .

o .dgyNumber of ax1a1 stra1n po1nts at Wthh tr1ax1a1 data;
Lo s supplled ~.20- L L T e e

TftgNumber-pf‘core:elementsfefedo;ﬁfa?tég;};'



o § S ,
If the size of a prohgem exceeds the preV1ous 11m1ts

' fthe dtmen51ons have to be 1ncreased accordzng]y On the

'other hand if the CPU - vrrtua] Memory Integra] charges are _vf;
. \ | DR
to be reduced for small s1ze prob]em ; the dtmen51ons can

“be decreased : jg‘" '7";_"‘e§{fjd':
‘ | The program cons1sts»of a maln and four subrbut1nes_”t
- caHed FACTOR TESTD RTAPES and DITEST The functwn of thel'
main program and each subrout1ne 1s br1ef1y described as -,f.;‘;

MAIN PROGRAM Most of the operatlons are performed

in th1s program It ca]ls other subro%ttnes necessary for the;i
ana]ys1s In the program the element st1ffness 1s formed for

'.a11 the e]ements, the equ1l1br1um equatwons are set up and

ksolved by Gauss Seidel 1terat1ve procedure

Subrout1ne FACTOR ThlS subrout1ne generates the

overburden factors (descr1bed 1n B 2) necessary for element _

N L

I3 . .
I ROPPODERR

S TRMag L

Cin. nonllnear ana]ys1s V"_‘T;Wt, ) “gf'ﬁrﬁi-}:e’”

Subrouttne TESTD.‘ This subrout1ne reads the triaxial |

: test data and converts 1t 1nto the stress invartant form

Subrout1ne RTAPES Th1s subroutlne reads ih t pore

'i:pressure and total stress data fromlthe tapes It 1s called

}ai1n effect1ve stress ana]ys1s ?*;j[
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Subrout1ne DITEST ThlS subrout]ne is used to expressf

. the stress stra1n relat1onsh1ps of the materta]s in funct1ona]'

~ forms. Either DITEST or. TESTD w111 be ca]]ed 1n any .

. nonllmear ana]ys1s

;_3;2 Input Data Pr0cedure

(1) Analysis Control Card a Card)(IS) R

R S NRtADD : (Equa] ‘to zero . for tota stress T
C oy oo oot analysis; equal: to one for-effective .~ -
' o o 11._~;stress analysis. If NREADD =d,
- information. for the following (2),
o (3), (4), (5), (6) and (8) are read.
o in from the ygpe ass1gned to I/O
j (!wunlt 3) - | g
ri(Z)rfProblem Contro] Cards (m cards@ _ R
JIf NREADD =1, the cards for (2) throudh (6) are
. omltted '
L @) a1 (ke ) e
 ,(‘]:1 72 HED (T1t1e card for program identificatlon)~:’;”
-;;(b);'Card 2 (1015) i '_l i 4]]' N__ ‘
:1 5 NUMEL (Number of elements fn the problem)
- 10 NUREL (Number of read elements) N
VJ] 15 NUMNP (Number of nodal p01nts 1n the problem)
16 20 NURNP (Number of read noda] points) o
"QZI 25 NUMBQ,(Number of boundary points at which

displacements are pr95cr1bed.1n they_,-t;a;
prublem) , _ ER RN

. 26- 30 NUMAT (Number of mate",_Ar,iefariﬁn@a
""fiial 35 NANLYS (Equal to zerov
- s ¢.~, equal to °"9xf‘




v,

3

36 40 IANLYS

. 41-45 1GEN

G

s a_;fj- S t‘j‘: *.*3l4]. .

(tqual to zero for plane stra1ns
analysis; equal to one for: pJane .
stress. analysis. Zero is ass1gned .
1f NRuADD aqual to one) : .

(Eq al 'to zero- for non unlform '
-pattern of generation of element,

) equal ‘to one .for uniform. patterns

of generation of elements Refer

.'wjo (3) for details)

".;4éeso,NlapE

.)(3): Element Cards (Cards

S 1-5 NUMER o)

e 10NPIR [ )’

Comas e ()

',?Eﬁamplef?oannlform%e

element)

(1f NTAPE = 1, ‘elenent data, nodal:-}‘
data, boundary nodal displacements, i

' .ffmaterlal ‘types and overburden factors - {f

‘are -to .be: wr1tten on the ‘tape- assigned

o to 170 unit 3.  Zero is assign%ﬂ if ..r"
"fj NREADD equa] to one) RPN TR

= NUREL) (415) L |
(Element number for read elements :15-_. :
nly) A - _ ..1'55'
(Nodal number for node 1 of a read e
element) . S e

. S TR o
(Nodal number for node J of a read
element) : _ LT

(Nodal humber for node K of a read

ement pattern generation: .

last (e g

dlrectlon as l1sted bolow .

'element 8) element
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\Elementhumber=."f'Nbde,j~ 1 nNOdeVI ,»waNbdéek'lf .
B T AU SRR B
NUMEL 'i-s.'8"é'f,'.""‘“ﬁ"-N'U.R_ELL.1r's,‘,'?'ifkaer'_;t'hi.§ example.
Example for ‘non- un1ﬁ0rm element pattern genergtlon b D
ﬁfda'Seébnd*ROWg- By ' ~. — R
L ble
B FlrSt;Row;f.

B EE T . S AR S S
To generate the above mesh pattern 1t is necessary

B to supplya1nformation regardlng the f1rst three elements and_;'-ffti

st\row and the first and last

':_ the last element in the f1r )
:f:elements in the second row This 1s due to the difference fjffffc
between the orlentation of the element l and the elementns I |

For the generat1on, the followxng cards should be Supplied ;;JV ~;

: :;Eﬂementsthbérd“bﬂbedEffdlffif"

-
o




: %;;—#2/(1

(4) Nodal point cards'(CaFds = NURNP) 415 4F]0 o 2F 12.8)-
C1e5 NPNUR (. /o

) (Noda] number{
‘~f6-15‘ XORDR“-(,,) (X coord1n: e'of read nodes only)

?f,gie;';f_v

of the read nodes only)ﬁf hf

,?/7 .

'jG:ZSAYORDRhfti_ e‘:(Y coord1nate of read nodes on]y)

t236445 YLDR }'“'”:

)

~26?35iXLDRf- (%;}flf(x 1oad at read nodes on1y)
) ;(Y 1oad at read nodes only)
)

T 46-57 DSXR Kﬂi.ﬁiQKD1sp1aCement in"X- dlrectlon gfven ae'g;rh
S : . input only for: read nodeS) jj., R
Aj53:69]DSYRf;>(::?7~7(015p1acement iy d1rect1on glven s
:jajie,t'e-,“:'”71,1nput only for read nodes) o R
’ f,fwhen the 1ntermed1ate nodes between tge two extreme nodes ar&'*- s

:*ﬁ;equally Spaced 1n one coord1nate d1rect1on wrth the d1stance“t‘

[.-:jn other coordlnate g1rect1on be1ng the same;‘the 1ntermed1ate;§ffb

'che extreme nodes._ 7""w'”“

»:¥;il 5 NPB (Aj)f;f'“l'

k- '.6-1 oi} NF-EI 'x?';:_(f Bl



.
. .

3]7

{
1

The codes used to def1ne the node of d1splacement at a g1ven

boundary po1nt are ]1sted as fol]ows i} ?'I“"

N X?difecfioh.a ,~{Y:aiféétfdnﬁff;QSTope‘*. NFIX( ) sLopE( )

fh:@ “, -“  ‘KYﬁBoundarx

. -~

" Zero or pre- - Zero of‘pfé4-f."t;f%~*>.4::>;o:~ffiii:;oes*=
oscribed dis- . scribed: d1s-'.f'[ e T e e
p]acemgnt”nt;g.-ﬁplacement e

e or pres LT U L
©scribed dis- el T e g

-Zero or: pre- S e o L \ S
scribed- dlS-'~ ;”h;ﬂ(A JE R tS IELE TR AR
, placement._ f*,;';-:"5@,g 1g2,;jh R |
Vl;move a1qng D T T

i “.]ffboundary ‘g;” P m

© Sloping boundary is as shown: . el o

L™

'(6) Mater1a1 Type Generat1on Cards .“'SlopinQQboundaryét.;iffﬁii

(a) Card 1 (15)

1 5 MATN (Number of eleme'ts to wh1ch maJ
o ,,bther than 1.is to- be assigned ¥
ﬂi;;?on1y one: material a b
7 -and -the: cards for fol]owing (b)
Hg;om1tted) L
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‘u:(c) Card 3 (215)

'1 5 M (The last element number of a set of elements

~to which: the”same mater1a) number to ber"f~{sﬂuuf

. ass1gned) , },;_N__ _ ‘. S
6 ]0 MAT(M) (ASS1gned mater1a1 number It should be ',;ff;
: -r:t,;; the same number as 1n (b) card) R ETEEE

L *;pfaceduées (b) and (c) are to be repeated for each set of f{fﬂ,

v;f;eiemehts The sum of e]ements in al] sets shou?d equa1 to

:1“j(7) Mater1a] Propertles Cards (Cards NUMAT) (SFIO 0)

o 5fej;1 10 ROREAD ( ) (Dens1ty of the mater1al) e
‘i-f%igﬂfll 20 EBREAD ( j{ff(Bu1k modulus read for each material

'f:vtype, normal]m a531gned ina I1near }tif}

“tQL9ZT?3QfESREAD'?Kff)?{f(Shear modulus read for each mater1a1l7§i*
o T e types norma]ly ass1gned dne a lxnear
\iana]ys]s) R - i

‘ACOEF. (% )y-ﬁ(Shear strength parameters assoc1ated>
o .with.cohesion’ ?1ven by 2C. cos¢/ {1~ -
R 351n¢), needed {f shear farlure has
erto) be“considered)='m4;

v"EifaigsbﬁBCQtEhﬁifﬁi)ffg(Shear;st“Ength parameters associa

rfff(v) Overburden Factor Cards

(a)”Card 1 (15)
“:Jff]vS NOBSEI - |




”lfs.ﬁNSTtPF ’ (Number of steps con51dered in the :
P generat1on of overburden factors,.rf?vj,,;”
-normally. equal to the number of steps
for the ana]yS1s) L . o

E (b)ticard 2. (15) SOt

*ffﬁj;iFSﬁ NSKIPF (If generat1on of overburden factors s
SR ‘pot needed for.a particular step =u~_:
e o NSKJPF *0-and (d) and (e) are omitted)“a-*“
v?f*ﬁg(d?,fca”d 4 (315) ff'.g]js, sty D N., B
QQQng{SffMJI (The first: element number 1n the step e
= fﬁﬁ L considered) .sl_ﬂ._._ (N ,Hﬂ,_er,e__ '
6 10 NUMELF (The 1ast element number 1n the step
o SR ..gnconsidered) A;»v;,fva S e

- whieh |
“generate

":ff7T]Ji§J55NGRdUPf; (Number of sets of e]ements'e
-1-J;j,~jl*;Q:[;#;;the overburden .factor js. to b
-g;tp the step_cons1d B

NGROUP (215);_

- 5 NEL13f4(Iffw;‘*“

REE i;:~*ﬁf,k') Cards

”3,;”ﬁf5'ldfﬂ£L2;{?r5iﬁf




“f{fneed not be con51dered

o i "3-2"‘0,
| | When a non ]1near analys1s has to.be performed for e
iiiigrav1ty Ioaded structures the 1n1tia1 modu11 are computed ’

;ftor each element cons1der1ng the overburden pressure at the
‘:15m1d he1ght of the element In the sketch shown above there

/ B

1 ffare 34 elements 1n a part1cu1ar step The overburden factor ;{};f

WVﬁffor the e}ement 26 can be defined 65
L o M-zmt ,*i;’“r£3°¥1;f5“5~

: afoBFAc(M) 1 0 1s automjt1ca11y set 1n the program and hence isfff*

rn the generat1on.; In the present

:*;”example elements 11 to 14 27 to 32 and 39 to 44 will have"anwth’.”




11 20 CUNFAC (COHVEPSIOH factor used to convert the
: triaxial test: results to ‘the. un1ts
R ; i whlch‘analysws 1s performed) e
; If the ana]ys1s 1s l1near’or non 11near without using digItal

representation of tr1ax1a] stress strain data a blank card

for (9) has to be substwtuted and (Ip)’”(!l)fa"dfclz)ﬂéreiiq', X
be om1tted LT eI L R

(10) Ce]l Pressure Card (1 card)_(tor>5f0)?

(11)

Aaia]’Strain a




B IR R
o the var1ous cell pressures (glven in (]0)) at that part1cu1ar ;lf

VOIUme
expans1on has to be neglected wh11e g1v1ng the volumetr1c o
stra1n 1nput L ’ e

*Afj‘ aX1a1 stra1n are punched 1n the subsaquent columns

S
v

materwa] type

~.' A

(13) Stress Stra1n Parameter Cardsnﬁ .

H el

If NCELP > o or NANLvsT-;“<

om1tted AR R
. (a) Card '| (F ]0 0)

e ?f(b) Cardsfif€7;¥ff7*"fii;~s
‘“”¥Ti5?ff1 Io COR




| (15) Number Of Steps and Options for Consideration of '-ff;fffy'f
2 .Shear. Failure (1 cardT (215) B

v;“ff1§§ ﬂvﬂ»'jﬁ;(For a 51ngle step analys1s NSTtP ]) f3L;,§,g

~" L

ki shear fa11ure s to be’ con51dered ﬂffafgjL
 NS "1, obherw1se NTENS P 0) T

(The;core element numbers correspondin
to the overa)] meSh) ”,“ ,,_.”.,‘

(18}

N (cyele Anterval fo
c<force: unbaiahced




R TR P . __j;;?x324}j;;f.
' 56-60  NCONSL * (If NREADD, = 1, NCONSL 1s set. equal -
Lt one) :,»7_ SRR s
61-65 NWTAPE “(If NNTAPE > 0 the results of the L

S owocurrent step are written on the tape f_ﬁgw
’-f.ass1gned to I/O unit 3) DA N

,f‘%ape Card (1 card) 7x37,fffﬁ;;:u"f73sfe?éx{f7ft
If NNTAPE o the card for (19) is omitted .

~;-7: 1 5 NFNRD (Number of ‘tape: files ‘to be. skipped R
I A .. forward-for writing the- results of current?tiﬁj
' jstep on a tape on I/O unit 3). s s

' 6~T0 NBWRD - (Number of tape fi]es to be skipped back--’;jj;j

N ..“;__ward for:locating- total stress data to. oo
.o be used in next step. . If NREADD ~-0, L
«Tty~j.f;'NBwRD is set equal to zero) ¢~ I

*;a&x:»“~a“f:

'"126) Noda} Loads Control Card (1“card) (IS) _ﬁ_]'”'”'

e 15 NLOAD - (Number of nodes at-which the loads dre
S S spec1f1ed in the step .considered. If“'
RO ~ NLOAD"i= 0 the cards for (21) are”
*, 4{ omitte%
f'“<2¢)
f‘é345f77j? 1 5 N (Nodal number)éiﬂ
L 6- 15 YLOAD (N) (Y-Load s d,‘gﬁq

'gfq;(zz) Nodal stp]atements Control. Ca

1 5 NBOUN (Numbe‘ 0
A »fﬂ,disp1acemedts areﬁs




"ffj(24) Read Tape Cards (2 Cards)

',f-j ffffg"l 5 NCODE (If NCODE > 0, pore pressures 1n the core?{irﬁp

}jffB 3 L1st1ng of Program

](235[ Noda D1sp1acements Cards (Cards NBOUN) (15, 2F 10 0)";;

1457 u* (Nodal number)

g\]S DSY (M) (D1sp1acement 1n y d1rect10n speC1fied'f{ffkf
el for a node 1n the step considered) S

f1:}441 ]6 25 DSX (M) (D1sp1acemeﬁt 1n x d1r ction specif1ed fg“xi;f

for a node 1n the step onsidered) SO

5 .

| "jHIf NCONSL'- 0, the cards for (24) are omitted 27~7ff{t?iﬁi

s r,?_, for current step\are read from a tape onv]'v'“

,._;;16 10 NFPPR (Number of tape fi]es to. be sklpped for *Tvtfff?
o - ]°Cat1“9 the pore- pressure data needed I
Cin the next step) : R

”:,.'..}](b) Card 2 (Is) | R %
1 5 NFTST ' (Number of tape files to‘be skippedwfur

‘ locating ‘total stress data used in,the g
. current step) R : -

R
o

'_0'




Ly

-

d‘an

' nvn_nhnqnfnnnn'_n'd-nnnn_nn‘nh no

0 n}ﬁ Y I

PROGRAM HODIEIED BY Z-EISENSTEIN (UNXVERSIT? OF ALBERTA.]969) *

AcVaG, KRISHNAYYA (UN!VE“S]TY OF ALBE“TAO 1970) AND
‘-.;oxneus‘m'uf AND comman STATEMENTS . .

e connnnnaaauu XORD(?EO)Q\'ORD 0 ¥4 wl 0) o
‘ xum(no).wus(uooxmum.mﬁu.whac,

T PR
. 2WCELR, caunc. NSTRN

mp : ?ﬁﬁs;&ﬂi“cmm. mus f

326

P

,i

TIQ DINENSIONAL FINITE ELEMENT PROGRAM lITH CONSTANT STRA!N TR!ANGULAR

ELENENTS OF 6 dEGREES OF FREEDON FOE EACh ELEHENT. ".

+ : . @

-

ORIG!NAL PRDGRAM DEVELOPED SY E.L.UILSON (UNIVERSITY DF CALIFOTN!A.!962)

[

s

Tc Co LAU (UNIVERS!TY DF ALBERTA. tO?ﬁ)

mn PROGRAM L j_ PR _' S

o:neusxou I HEAD(!B)oNP(?50.lO)-SXK(750-9)oNUMER(bOO):» -
lSXY(?s0.0).SYX(‘fso 9x-svv(7so.9:.NAPWSN.WUMSOQJ.xonomsooh .

- gvonpn(soo).xLon(sco).vx.oa(soo).osxn(som.osvmswy nonsq’._: o

37AL&750)-GAMV(!400’.

CONNON/KREASI s

CONMONIAREAQI XL {

._‘,...

naa(s.u_mauop e
' 00 ;w.on 60 rd eoo LT




READ(5+100)HEAD

1

. T B — |  '_ s ‘327'

WRITE(6:99)

‘WRITE(6:100)HEAD ~ ' ' : L
REAots.xsNuusL.NUREL.NuuNP.Nunnp.Nuuac.NuuAt.NANLYs.xANLvs.xcEN
+NTAPE . . .
un:TE(é.xon)NUMEL,_ . A R P o : y
_WRITE(6,B2S)NUREL - - S R T
WRITE( 64102 INUMNE _ B e R AT e RN )
lRITE(b.BZA)NURNPa:‘ oo S

WRITE(6,103)NUMBC" : : : ;

URITE(O.ZOOO) NUMATY

LG R LYY X

‘162

164

e 4 V.

L Imdgay -

3167

3KE‘°
‘KE:KE#I

3174

{}66

| 3060

3168, A .
: “=NPJ(LJ)~N9¢9&0 R T B
, .NPK(LJ)-NPC+1+KG vu_-':;*,.- i
Jx-xfg : N W e

_ 2DSXR(M)oDSYR(M)iMSI-NURNP) B L RN
'.aensamrxon cF NOT READ susneuws ' : LT

’oo 161 N-x.NunEL ';: T B E;T»_jv N
. MENel - e T

5,-N¢A-N91a(~)

.nggo ELEMENT OATA. e e R PR

READ(S+9 ) (NUKER (N} sRPIR(N) sNBJR(N) sNEKR(N) iN=1oNUREL'Y

Wl T e e e e

: REAo“NcoAL‘OATi S A O

R L s E Pt T AR s a0
READ s T ST U UL S
Lo (NPNUR(MloXORDR(M).YORDR(M)oXLCR(N)-YbDR(M). s

L

xr(u-nuaeub :ez.xez.:e'f DR e gD e e
I=NUMER(M)~NUMER(N) -~ e : Lt e
lr(x-xtxaa.xes.tsn - SOl f
LeNUMER(ND “ o 0 T T e

-Kno O D P R P S

CKEEY e S S
fompey R R AR

.Nune(LJ)QNuuen(nqu S
- IF(2KE) 3:@0.3153.3151

RQNPJ(LJ)ﬂNPAd1+K0
. NPKLY JENFCHKE'

IFCIGEN.EQG) GO TO 3ooo LT e T T e
06 3166 JOsIA10 . o LRI S L I :

LinL+4y

NP!(LJ)INPAOKD

GO TO 3174 .- i?%@‘“”'
NPI(LJ)INPK#KO :

KO=K.

CDNTINUE
60 TO- 161
DO 166 JO=I-




R LT S L g LT e 5
LymLed - - L D . A SRR et e T
NUME(LJltNUMER(N)OJ‘-%fI T R s T T T e

. IF(2-KE) 169,168,167 I R U T S ST

167 NPI(LJI=NPAGKOD . T T e e
NPI(LJISNRA=L4KO - 0 - 0 L0 T ey e PR
- “NPRILLIANPCHKO e UL DR
| GOTO ATA e T e
168 NPI(LJ)-NPA+KO L RN O T P T P
NPJI(LY I=NPC+KD
NPK(LJ"NPCQI*KO o R e
© 60 TO 174 D A et o
‘169 ;r(a-nE)xvz.x71.1ee.;~-i T e T R TR o
S, T,Lﬂ _NPICLJIIBNPASRD s oL S —— e e
B SV NPJCLJISNPCHIORO . oo D T e T R R
. CNPR(LIMENPCH24KD - - e T e e
" '6D-.TO 374 co : SR A - T
172 NPLILJ)sNPASKD ' T R
T INPILLIImNPCHR4KD T A R
_ NPK(LJ)-N91¢x+xo B R T : L
c 0 KmK#) L e T R e
.‘!KKFOVz,A,'f' e TR T e e e R e
174 KEmKE4L o S LR T e e
60 Yo ut L T e e e R AR
xos AWNUMEREN) T D e L e

- NUNELLJSNUMER(N) | - 7 B e AT RO
NBICLISNBIR(NY. 7 0 oo T T
CNPIGLIENRIRING . 7 1 o T TR
NPK(L)-NPKR(N) DT R

xst conrxuu: LT e

c:neaAton o NoT READ NooAL poxurs ,j P AR TR P L T R e

S ) n}hn

. 00" xs: N-loNURNP _ u;,' l_f.',»ga- T T RN IR T R R
‘NmMel : e L T T T L T e T e
1P NeNURNP)- . :sa.xsz.:as o e
xsz x-upnun(u)-upnuaxn) S K T T
‘6070 :aQ S AR S S

j" 1 T T B I L B LR RN R Lo
-84, Ls BMURCND - T T T st e e
ol oo 186 Jd-x.xo R R A G LT UL T P
ST | X7,

1 LdwLed : '
U NPNUMILS)SNPNURIMI®Y R
Lo 1Ee1=0) 388,388,189 .\ v
'xaa xORD(LJ!-XCRDR(u) e

YORD(LJ) S YORDR (MY , _
V- .‘x-so b7 5 CTRRAE . ' o '

189 xoancuaa-xonon(u)+t(xﬁaontn)-xononxn;»
SR voan«;;»:vonoafu)¢(|vonan(~)-roaoa(nt)f!an
5,'1’! IF(J=0) 186,188,189
189 IRCYSTY 157.:-3.155

-1sa XLOADILY ) =XLOR(M)

T YLOADCLI I RYLOR (MY

OSX(LJ INDSXRIM)
osvcn:»-osvaxn)




e Assmu PRDP!R NA?ERIAL NMBER IF NECESQIRY

- .

o

nhnon?nﬁ

ri'n'

iss XLOAD(LJE=XLORNY =¥

CasTRLOADTLIYEG . . L L T T T

1sa CONTINUE = R R L DU S
151 CONTINUE o o R AT AL ST L A R

603

ebo

10, CONFINGE. | ST

’ ll

066

: esd

f-'xr(uavu.eo.o) ¢o ro se
F:.Q.3NMAT-0
5000

\‘A DSXCLJI=OSKRINY. =~ . 0 Tl T T S T

’»'unxrs(e.lxxx R

“«;3 1F (NREADD-GT«O) 60 Yo qu

: MMM
.g'R'AD ts.zo)lu.nnftul

PERREEEEIN W K Lt
5002
" 5003:
s LL-LLO!

Go'To 186 . <. Lo L
. YLOAD(LJ)=YLDR(N)

DSV(LJ)-DSVR(N) LD
60T isE D T P

YLOADCGLJII=O0 o0 - 0l g e
OSX(LII=Q - . S R I
BSYILIIFO e BRIy T R

1P (NREAoo.cr.o) CALL RTAPES(I) ;:f.“"‘hf'f7,-_”.»*¢ S

.

AR D i e - SR B T

xnxtlAszs TDTAL stpuacenznrs AND srnesse;'A&qisrhAxNST;: R
. D0 10 JslsNUMNP = T : B T L FL R S
D;xO(J)sQ.o Lo e R R K i H_—
osvo(J)-o.o ,-»;’ AR

00 11 J-x.uquL i

Epkyiadsd, L e
CEPYMAJIEOG L T
CONTINUE: Tl e

"WRITE(6+,109) . (NPNUMCM). -XORD"" .
3 DSX(M) sDSY(M) 4 Mmi nNUNNP)

. ”' ol ,“, -
NSRS . N

Lo

vnﬁAp”ndyuﬁgny;ccnhitxousﬁxfj_f RS

e D .
.

‘lgséo«s_b)ianpu1jnf4itgi;stbﬁéici;ﬂ,. S
READ(S, s MRIMEL SLOPEILY. -

URITE(&.!IZ) Sl e ‘;,v
!R!TE(6.4)(NPB(L).NFXX(LI.SLOPE(L).

P

T3 (NﬂEADD.GT.O) G0, vﬁ e

0 884" I*l'NUMEL
MAT (LY =1 .
"R..AD(S "6 ) MATN

IR (NMA?.EG.MATN) co ro so
_READ.{5+20) Mo MAT( o

NﬂAT:NMAT,!u-unl*l‘

IF (MsLL) 5000.5000.5003
uAT(LLisnATtn) fk?




Anean .

L. 830 CONTINGE

kirsrfn N

-'t;‘ﬂi A o ﬁmrﬁ-.= ;~"‘5v?g

"’ Tk»n

{n11r»d_

_VREAQJMAreaiAL'#nbbéntxés._ s e e T e e

$6.. .50 850 I'S1,NUMAT A ' T e
. “READ(£.,2010) RUREAD(I).EBREAD(!)-ESREAD(I).ACOEF(ll‘BCOEF(I)
.URlTE(6.2020)ROREAO(!).EBREAD(I)oESREAP(!)-ACOSF(!).BCOEF(!l
DO ST NSLNUMEL Tl T
'1’.“1.(“, R . . A et T e
’.RO(N)=RonEAD(x)
* EBULKUN)SEBREAD(I)
,’ESHEAR(NasesnEAo(I) i
" 1F.(NREADD,EQ.0). OEFAC(N) =140 S
57 ccnwr111usA*‘*ﬁ'*“*“'”'*ii:"i T e

RN

READ DVERBUROEN FACTOR

1F (NasAoo.cr.o) GOLTo a8
READ '(5:6) NDBSET . :
LIF(NOBSET+EG+0). GO to 4a LT
cALL’ FACTOR. R RN

E\\READ TnxAxxAL TEST DATA CDNTRGL cnno.'

48 READ(S'ZOZI) NCELP-&STﬂN.CDNFAC
lF(NCELPoE0.0) GO TD 44 el

CALL vdsvo

INTEFPOLATE INXTXAL moby I FOR ALL ELEMENTS'
b0 660 n-; NUMEL’H RO
| AF(ROYM)LLES0.0). GO, TO' aoo
I-NPlCM) ' ' .
. TJ:NPJ(M)




.DIVOCT=DIVOCTf3¢ o

7200
721

790

S

N so
S8t

o pnxsx.oexvxvstas:.JLs-:.Nl-vsc4$|-1.JLs-1.ﬁr;/}s{lJ;ygN@é@r;J;@#;:

. IP{PR3.6T:044
. CONST=PRIZ (1 »=pRA).

. AVGSIGRHPR
1 60.Y0 18 .
- GONTINUE

ETPARBIFY
T DIF2%SDC I8z

S UETRP2EbIFR/C
- eTRR=ETPR/( 0,

L3

o

'co~Fs=sxcxN/(sxcoc1tt2) : ‘ L e T
‘D!VOCT=SQRT((S!GNI-SIGME)**EO(5!6!2-‘!GMB)##Z#(SIGMB-SIGMI)!QE):f*;

DO 720 J=1.NCELP
JLS=y . LT L T
IFt CONFS-SL(J.N)L 721.720.720 T R BT R

-CONTINCE { R B IR e el o o SR e Ry
“CONTINUE - Ty :,f T I S ey KR
0o 790" K=I.NSTRN S ""[" IO K

- IS1=K : e
IF(D!VOC?—SD(K-JLS-I.N)) 791.790.790 S
CONTINUE & R Croa

‘,conrrnuﬁ PR

foo $0- k=1, NSTRN, Lo
Js2sK. ' o ST

-1F(oxvoc1-sotK.J(s.N)) =1. 6;50‘_-“ o
"CONTINUE - : S e

CONT!NLE

SANMI~-1.0

IFAPR1 4GT.0.49) PRI=0. A9 0 =~ "‘5;}*.:_q;v,'¥!?;“ P
PRZ:I-OGI*(VS(JsthLS 1.N)-V$(JSz~1-JLs ;N))g;;ngsagN)—srp;szg;,;V._ -
CANDR=LGO A i : RN
{4 Paa.sf.o.49) aua:o.49 SR R
PR3IZPRI+ ((PRZ~PRI}* (' CONFS-SL(JLS-I-N)).(SL[JLS-N)*SL(JLS 14
A9 fbn3=0.49 :

“‘

. HPR=OBP*CONST .’n--~' ,L”T;m
HPRE(HPR4AVGSIG )22, R
‘CSfRSﬁﬂBS(ﬂ9R~AVGSIG) .
CIF(NCOUNT+GE+21) 60O TO ‘52
.IF(ABS(HPR-AVGsxG)ﬂ}T.QoOt) GO_TO sz

biF1=S0t




IF - (NTAPE.GT.O) HRITE (3) NquL.nuan.huusc.nunAr.' NLYS e
. IF _(NTAPE.GT.0) WRITE ¢3). (xcRD(N).voRD(N).xLoA_ N),YLOAD(N)..
~ 1DSX(N)DSY(N) JN=1.NUMNPT - . - - _ ' L o
SR { R (NTAPE.GT.O) unxrela) (nqu(n).N#r(N)_‘PJ(N1.NPx(N).EBULK(NI.»53;.:

"‘, 1F (NTAPE.GT40) WRITE(3). (NPB(N) __tx(u».suopstut.Nun.nuueca
IF (NTAPE-GT.O) ENOFILE '3 ,/K/% T T

. ‘AO(s.zO) NSYEP.NTENS .

-~ LIF (NREADD.E0.0) GG TO 3200

7 D0 3273 u::.nuuup .
:*XLOADJ(N)zo.Q‘ .

D5l YLOADL (N =0 40 f:‘=¥:<g
Lt XLOAD2UNI=0,0 . o

S, ‘YLOADZ(N!=0.0 .
: 3273 CONT INUE. ~ ;

TIANLVSIO

L READ (s-a) NECORE ~ .. - S o

|| 'C READ ‘TRE CORE ELENEAT. uunasas connzsponcxuc 7o THE ovek, L
© U READ (543280)° (NELC(:).x-icneccue) o SRR
13280 FORMAT: (19143 "

lNCDNSL-NITAPE
: ,.~IF (NUTAPE-GT.O)
o NU“ELSNUMELS




T2 ¥z I - S

CMRITE(6.10SINOPIN: - .0 | “oi o0
- WRITE(6s108INCYCH o foilil )
CWRITE(6,3O07)TOLER ~ =~ . = o ]

- _le(DSx(M).NE.D-O) TAC(M):;,Q
601 - I

.41 WRITE (641011 NUMEL s
0 WRITE(6+102 INUMNE -»jn,,‘:;_y L e e

. MRITE(6y103)NUMBC .-_u*’ L ey

IF(DSY(M)JNE.O.Ol TAD(M)~2.

CONT INUE - SR .,; o

UR!TE(G-IOQ)NCPIN

- WRITE( 6, 108) XFAC - _"7775147 T T L L e e e

77,UR1T5(6o117)LNUM‘.,vJ b e e
*NITER®OQ ¢ = . L g T e e e e

“ 1160

TSXX(LiMI=040
. SRYLLeM) =050
-"SYX(L.M)S0.0'u
. ;v';svytubniao.OCf_

370 '

?“,=NP(L‘xo)-o

:NP(L.I)!L

'INITIALIZATION f»ﬁj -‘U?f'”qu;'ﬂgﬁf?lﬁﬂﬂ;j,3’};1 ST T ;7_;H~;pT:;;'QQ

‘ gNlTERSNITER+l VR T TL S S AR
" NUMPTENCRIN . L e e R
U NUMOPT=NOPIN

{00 178 Lsx.Nuan

. CONt;N L
”*~DL~AaaAtno Y/

1F (NCONSL.GT 01 CALL RTA#ES{2D’.f'f5“7:j S e e s

:NCYCLE*O

T T

00 170 N=1¢9

NP(L+N)RO




' . .r; \_“ ‘ . ' ‘- ._ . B .lv ‘ ‘l::'. .' ;"j '-" - .334 f ;‘.. '.:‘
Gt A ' R ,.‘."" - o ﬁ.~ 'x‘// ‘f_. e

xvvrcn»:xvvt:cu) R o ‘ BT
63 XLOADZ(l)sxv‘r(N)t(BK(N)-BJ(N)llzofxv\IT(N)t(AJ(NhAK(N))IZ-ﬂ(LOADZ( SR TR
...n . 11’ ; T S N R AJ
v ”_' XLUADZ(J)=-XVT(N)tEK(N)Ié.OXYVT(N)QAK(N)I&.#XLOA02(’)Am 1'j]u}“p_§vj:n,g s
SRR XLDA02(K)=X.VT(N)tBJ(N)IZa-XYVT(N)#AJ(N)IZ.#XLOAOZ{K) SR el B L
: "_{; . YLDADZ(I):YVT(N)#(AJ(N) AK'(NH/?.#xVYT(N)#(BK(N)-BJ(N) )/2,4\'\.0“‘3(
l!)i-«‘ .

. fYLOADZ(J)=YVT(N)'AK(N)12.—XYVT(N)‘BK(N1IZ.+¥LQADZ(J? S LS s
S j*aanAoz¢x)s-vvr(N)#AJ(~$/z.&x vr(N)-BJ(N)/z,+VLvoa(x; -_g;'. B ler
3260, IF (AREA.GT4040) 60 TO xao - R TP I
CLU701 MRITECES TIXIN - Ry . W el
-‘;,f';gthERROhaNaﬂkﬂntl _.,:z Zlu;,gixg‘:,~,-'A; R I
1180 CONTINUE". Do o e e
ERRREE § (NGONSL.EooO) 6o 1O 3271 ,;,~;;;w.;g ¢.»
DO 3270, NSY yNUMNP - : ; -
U XLOAD (N)-xLqulN)+xL0Aoz<w)-xLera(N)
. YLOAD( N} =YLOAD CN}+YLOAD2U{N) =YLOADLANY " . .
L IP.CITOPT«GT0 4 AND: uxttn.so.i) GO TO gg;;*
" XLOADI(NI®XLOADZ(NY ' - ST
S YLOADY (N)=YLOAD2(NY
64 XLDADZAN) =040 "+
A'f‘j :VLOADZ(N)=Oo0 L
3270 CONTINUE - u-'
cunr:nus




o 5(313330-0 o
S BO352)3040 - T e
- 8(3-3)=COMM*ESHEAR(N)  jfE(

-.oo 102 J-x.a jv;a,; T T T
3 DQ 1821‘113 , s
,s(I.J)-o.o e

_L.h 00182, x:x.s : -

7182 'S43 J)=S(IuJ)+B(l‘K)‘AK&-J)

L. DO-YE3 Jmpe- o T T
Lyl DO 183 I%1,3 e '-}_.'
Axaa,B(J.11=stx.J) W

1188 MKeW

DO Jbe Juiie

. i ‘oo ves; n-n.a PR T
ﬁ154«3¢1.J):S(l.J)«acx.x)vA(n.J)

Ll(l )tN’! N)-
‘7'-7”",1.“(2"”3 Ny PR
L MUK INY T
s 00 200 Lm0

. 0o zoﬁ n-x.ag{ﬁrz”

R IR 3
le(NP(L&tﬂx)—yﬂlin 190.:9 .190'

'fkiéo IF CNPCLK MXD)

ivs s

. svx(Lx.ux),- X
‘s *299‘SYVth.n')-s '




215 cs;sx;(n.x)tsLopE(L)-sxv(M.xr)/(svx(u.lxoSLovﬁcL)—va(uvl)) S '
© ( R®1.=C#SLOPE(L). ..
o SKXtHol)=(sxxtn.1)-CtSYX(N'l))IR L ool
L SXYAMI 1) = (SXY (AL I=CHSYYIMGR JI/R DT
L SYX(MyBYESXX(M, LI*SLOPECL) . ..
R S SYYAMA1Y=SXY(H, x)tchpst)
Sy 60 1O 240 0 BRI : S s
220 .svv(n.x)=svv(n.1)-cvx(u l)tSXY(Ncl)/SXX(N-l’ I R RO
S e 10 230 v o L B T T U
- 225;'svv‘n.x»=o.oi. o ~‘1Nj‘»,_~.*b.v-“
;SXV(M.la-O;oL%-"1'%"=" ‘ e

=.;24311R1tecs.119)
EA xbuN'rsxpumn
‘244 SUMR0.0" : .
.00 290 u-x.nunnp
S NINENAEEM) TR : :
R { (sxxtu.x)+sv1(u.x)) 275., £t
T 278 PRXEXLOADIM) i .
C T U FRYSYLOADAMY. R
S po 280 L-2.NUN
L INSNPIMSL ) ‘

5 1K (NCVCLE*NUNOPT) 24
”;uunoprnnuucpr+nopxn

-'IINFX(N)



.  m; “.i_ : “.::>.1;;§>.:7_1:!4 _ ; _,   3,1J_f l'337.

JENPUINY ©o .Z-'ﬁ'-rﬁ.
_K=NPKIN) . "vf Lo e 2 el
: EPx:(EJ(N) eK(N)):ch(1)435(N)vosx(J)-EJ(N)¢o$x4xi--
. EPYE(AKANDI=AJ(N) IH0OSYCIISAKINI SDSY LI FPHAT(N) $DSY(K) - .
GAMZ(AKENY=AJ(N) D OSXLIY=AK(NISDSX (JI+AICNIHOSXEK) 5 0 L e
CL#(BI(N)- BK(N]) #DEY (1) 4BK(N)*DSY( )~ EJ(N)tbsY(K) C i e A
COMM=T 4/ ( AJANT¥BKIN)~AKINI*BIIND) .. - A
IFIANLYS <EC4 0) COMltEBULK(N)OESHEAR(N)'(A./So)
- JFCIANLYS.EQ.0) CCMREEBULK(N)=ESHEAR(N)I* (207400 ' :
~IF(IANLYS.GT40) conlzx.tESHEAn(Nlt(EBULK(N)fESHEAR(N)/3.)/(EBULK(N
134(A /3. )4ESHEARINY) - = .°

,h_ff'4-r“*s; 1FCIANLYS.GT.0) ccuzsa.tésneﬁatn»t(EEULx(N) (2.13.)¢ssueAR(N))/(sa

oo 1ULK(N)+(4./3.)te=HEAR(N)) B S T T S
-"-~‘—~—causassue¢a+~3---——-—~—~—~f¢f‘““*'; L ey e e
© - X=COMME(COMI #E PX+CON2RERPY) .
:,;vscounv(conz*pr4COM;hEPY)
:XY=CCNM*CCM3*GAM R
: XV(N*=KV(N)+X
LOYVINIEYV ONY#Y
-'xvv«u):xvvtul*xv L R
ﬁEPXV(N)-sva(N)#(Eanx00.)/(kJ(N)tekcux-Ax(N)‘sJ(N))
EPYV(N)!EPYV(N)#(EPY*IOOn)/(AJ(N)&BK(N)-AK'
sAnytN)sGAMV(N»+GAn¢100.t¢cnu -
C=QXV(N;+VV(N))12.0 ; o
R=$ORT(((YV(N)-XV(N))IZmO)‘tZ*XYV(N)Ot2Y
. CXMAXCNY=C4R - '
S XMINCN)EE=R T : EEE
:1?A(N)!O.5‘57.29578*ATAN(2.*XYV(N)/(YV(N’-XV(N)‘l
’*!F(z.axM(NQ-mqu(N)~XMIN(N))605“ : ‘
405 IF(PAIN)) 610,420,418, =
a0 410 PA(N)-pA(N)wao.o' o
o GO: TO 420
415 PA(N):PA(B)-90.
czo »ANGsﬂA(N)tl!./tao
I CCECOSIANGY %2
S SSmSIN(ANG)#s2 T T
.;];Schcos(AN6)$SINbANG)°.w o '
”'i«EnAx(NTiE?XV¢N)*CC*EP?V(NI*SS-SC#GAHV(N)
‘EMIN(N)HEPXV(N)‘SS+E?YV(N)*CCOSCtGAﬂV(NY
: TOPF.£G.0) GO TO 421 .
i IF(NITER.EQs2) GO 10 421
D RVENIEXVEND =X ,}'- -
Q;YV(N’HVV(N)vv
LT RYVINY BN SXY ;
" ;;evatu)-erV(N)—(prttoo.)/(Aqtuxyaxtu)wax(n)t
”V"EPYVfN)tEPYV(N)—(EP?*;OOo)I(AJ(N)#B&lN)-AK[")
- GA“V(N)!GAHV(N)-GAM*I s . ;
"21 CONTINUE '




A ; SIGZRXMIN(N)' e e e C .
© 0 M2sM B i L L I T LU
630 CONTINUE, PR .: I S
T WRITE(Se117h M oo S S R
WRITE: (6.533) (sxcx.nx.sxcz.nz)

1851 D0 650" J=I.NUMNP DR C ' R T
v IF(ITOPT.EG.!-AND.N!IEﬂ EQe1) GO TO 770 Cet e e T e
R - XLOAD(J) =040 . : o LT e e
e YT < YLOAD{J)=0. 0. ..o ';y;.*i _ ;;:-.; T U S
® . " . XORD(J)ZXORD(J)+DSX(J) - S ‘ oo T o
. ’-YORD(J)vYCRD(J)+D=Y(Jl
I 5 DSXALJ)I=DSX () +0SXQ (I R — R L R FE R
R L DSYO(J)-D'Y(J)*D‘YO(J) TP S O S MR
: S L. DSX(1=040 - . S P R AR L
. T DSY (4100
‘ ;GO TO 850 . '
770 osxo(J)sDSX(J)+osxo(J)
- DSYQJI=DSYLIN4DSYQ(I) o
. IF CITOPTAEQ.1. AND.N!TERQEC.I) 60 To. 10‘ _
: unxTE (641229, NFNUM(J).DSXO(J).DSYO(J) S
30 OSXG(JI=0SXA(II=OSXCI) vl T
DSYQLIIZDSYA(J) =DSY (S} SR L e TR
IF(TAC(JI) «EQL30) BSY(J)SO.O ,‘35_;:“'.;’}. S e
CIF(TADUJ ).0EGa240F DSX(J) =040 S S R
IF(TAD(J).Ne.o.d% GO 10 soox e e e e
DSX‘J’=°¢° S . ."' o Tl : et
v - DSY(J)=040" i ' R T PR
5901 IF(TAL(J)-EO.I.O) YLOAO(J)co.o o
i CIFCTAL() eEQe24+0)  XLOAC(J) =040 ' " '
“FFCTAL(J ) sNE:020) GO 0\ 650°
XLOAD(J)®0,0° ALY
_YLDAD(J) =040 - .“ o __;?g-:__a-:lh >uv o
S osq CONTINGE" © R Lol
D -Ag RaE (xropr.ec.x.Auc.~xren.ea.1) so 70 eooz
LT DO 6006 JJ=1SNUMNP Tl R =
L KOUNGJR) 30 B T RPN
"‘f XN(JI)20.0° ,;j,»;; el !
TYNUJII=0.0 ¢ T

XYN(JJ)SO.O o
6006 CQNT!NUE Do e B R L
¢ 00./6007 'N: -NUMEL R AR TP S
DO 6007 1I=X3 - T I AR S
AF (11.EQel ) JJsth(N)' R S e
1P (1TEGe2) JJ=NFJ(N)};'”T'Q,f R Rt
Y lF (lx.:o.s) JJ:hpk‘N’; UL @R TR e T
e ,,.%u*gfv‘ KOUN(JI)EKCUN(II#17 =
P XNCSI) SN (TSI XVAND
SR YNGR VAN
: XVN(JJ)*XYN(JJI+XVV(N)gfqi}g'Lf
6oo+ CONT INVE AT

.00 6008 JJ=1¢NUNNP'§,'-“.-f

RxckoN(JJ) . "
ANCISIERNC(IIIZRK
YNCIIIBYN CI I ZRK
CRYNCSIIBRYNCISF/RK
C*(XN(JJ)#YN(JJ))IZ«‘b.




T a3g

: RPS(JJ)’P3N(JJ)/P1N(JJ)7/
6008 CONTINUE - oL : :
' 8002 IF (KOPT.EQ.0) GO TO 564 R s Lo
o IF(ITOPT.GT.O.AND-N!TER.EQ.!.AND.KdPT-GY.O) S0, 10. 664
- IF(KOUNT.GTal) GC To.681 '’ .
e 'unxrs(o.xzt) ) T
,unxTE(e.122)(NpNun(n).o=xo(u) osvo(u).nsx.nunup)
" MRITE(6,123)
WRITE(6,124) (NUME(N).XV(N).YV(N).XYV(N).XNAX (N).xuuv (NloPA (N)
lEPXV(N).EPYV(N).EMAx (N)JEFIN (NIsR= l.NuHEL)
681 IF(NSTEP.EQ.]) GO TQ $25 ‘
.\\ . IF(JM.EQ.NSTEP) GO TO 925 R T v
$F(SIG1.LE.0.005) GO.TO 664 . o S 8
c"TENSILE "STRESS REMOVEC: . ‘ B R T
‘ " DO 660 M=1,NUMEL'
IF(XMAXCM) oLE-040). GO, TO eeo
: o ANG= PA(M)tx1./eao. DR
¢ T 1=NPL(M) . e P
LT NP -"-,\--.: a a
: ' (K=NPK(M) S o
’ AJ(M)sxoRo(J)-xonotx) R P i S
AK(MI=XORD(KI=XORC(I) .~ = 7 oo 0
.BJI{M)=YORD (J)=YORD (I} . _".;- -'.“-,:;,'j'xl.~".
BK(M)I=VORD(K)=YORC(I) . AR 9“ S e e e
. AJI:AU(M}*CDS(ANG)*BJ(M)tSIN(ANGJ T T e e
; : eJxa-AJ(u)*sxN(ANG)+5J;n)tcostANG) 1:;3.« P R T
oo - TAKISAK (M) ¥COS (ANG) +BK (M) #SINCANG) j' s
Lo ams-m«n)tsm(ANGuemuncosuNG) N
L L TR11s wax(u)t(axl-abelz. ‘
R11#-R1I" :
nst-anx(u)tsxllz .
R1Js-RIJ *\f\
RlKBXMAX(M)tBJIIZ»
RlK=~R1K i
B 41 § ) B XNXN(“)*(SIN(ANG)#*Z)
s CYVAMITXMINEM ) (COS CANG ) ¥%2).
a,XYV(ﬂ)=XNIN(M)#SIN(ANG)*(OS(ANG) B T
TF(XMINIM) ALE.040) "GO TO 661 . .. ... s RNV
R21=XNIN(H)*(AJ!~AK1)/2-\*T;i“ﬂ' S e T e e
TR2Jm=R2Y - v e e e e
R2J#XMINIM)#AK1/2. D e e T R e e e e
R2Jz=R2J " T Wl e T
s R2K=-XN{N(N)*AJ1/2. L e T e e
REKE-RZK s S e e
- XMIN(M)=040
XY(M)=0.0 S S
YVIMI=0,0 L e e
XYVIMIZ0e0 Tl e
_ xL0A0(1)=c05(ANG)*R1xoxLOAo(x)-st(ANcntna -
(4. XLOADUJ)=COSCANG)*R1J+XLCAD( J) =S IN(ANG) #R2 - .
L XLOAD(K)=COS(ANG)*R1K+XLOAC(K)-SIN(ANG)*RZK-Z.
vLOAo(13=st(A~G)wR11¢vLc&q(1)#c55(4ucltnarf“:,
YLOAD(J)“S!N(ANG)*R1J+VLCAC(J)#CCS(ANG)OPaJ‘”“_
VLOAD(K)=SIN(ANG)1R1KOYLOAD(K)#CUS(ANG)‘RZK.fﬁ
GO 10660 -
XLOAO(X)=C0$(ANG)*R110XLDAD(!);.
CXLOADC SN E ZCOSCANGI#R1LIEXLLALTS) - -
xLOAo(K)=cos(ANG):n1onLchchitﬁ
YLOAD(I):SIN(ANG)*RI YLO. L

v




660

664

3080

NDOONA .

764

i'sxcu)sABS(XMJN(JJ)) ,
~sxcn2s(AszxcosxGM1)/2“ ff

950 .

© SIGIN=SI GM1 *SIGM23SIGM3"

"lNTEﬂFQLATE;MCDUL! ﬁdﬁ The NExf-$1Eﬁ.OR”FUﬁTSEPETTEt!DN'QF(SAMﬁ"SfEP

oo

o

YLOAD( J)=SIN(ANG) *R1 J+YLCAL(J)

YLOAD(K) = SIN(ANG)tRIKOYLoAD(K)
CENTINUE

WRITE(6+6)KOUNT

GO TO 243 '

IFCITOPT.GT4+0. AND. ersn.eo,x) 60 Tc 764
WRITE (6+121)
quTE(c.122)(NPNuu(n).qsxo(n).ocvo(M).~=1.NUMNP)
WRITE (64123)

-

-WRITE (6+124), (NUME{T) o XV I) .YV(I)-XYV’(I)-XMAX(I).XNIN(I).PA(I). _.,v

xepr(x).Eva(i).EMAx(x)usme(x).r=1.nquL)
WRYTE (6,3051) : - :
WRITE(643050) (xnixi.vntx).wi(x).plN(t).p3N(x).ap5(1).1=1.~uunp)
FORMAT (2X+6E1245) " }
1F (NWTAPE.GT.0) CALL sxxp (NFuno.o.al
IF (NWTAPEJGT+0) WRITE (3) LAUM.NUMNP4NUMEL.
IF(NNTAPE.GT.0) ‘WRITE (3)(~P~u~(x).o<xotl).osvo(x).x 1+ NUNMNP ) ‘
TF (NWTAPE.GT+0) WRITE (3) tNUME(x).xV(x).vvtx).xvv«x».xunxtx».
IKMIN(I).PA(I)-EPXV(I).EPYV(!I.EMAX(I)vEM!N(l)-I:l.NUMEL) ,
1F (NWTAPEW.GT.0) WRITE (3) (x~(x).vntx).xvu(x).pr(x).psu
lRPS(l) I=1,NUMNP) . - _ Sy
IF (NWTAPE.GT.0) ENDFILE- 3
1F. (NNTAPE 674 0). CALL sxxp (nawno.o.g;

'DO 501 JJ=1-NUMEL

NCOUN=0 et S
.xr(xropr.so.e)' RO(JJ)hb;o
IF(NITERJEQe2) = RO(JJI=0.0
IF (NANLYS.EQ.0) 60.T0. 501

IFlKDPT.GT OoAND.lTOPT-EO.l.ANO-NITER.EQ.I-AND.XMAX(JJ).GE 0-0) GO

- 170 $01.
AVGS!G“ABS( XNAX(JJ))
IF(XMAX(JJ).GE. .O)AVGSIC::O -001 ’

OIVS=ABS(XMIN(IJI)=AVGSIG > -~ - .
| DIVS=mABS(DIVS) .
CNSNAT(I) : R

va5F=Ac05F(N)¢acoEF(N)tABS(anchJQi
IF(XMAX( JJ) «GE<0e0) D!VSF=ACOEF(N) '

N

 SIGM3=AVGSIG

IF(IANLYS.GT:0) sxcnaao.o L FEER '3."’..'¢T.3:-3,{ ERERVERS

‘IF (NCELP +EQ.0) GO TO es2.
lNCOUNSNCOUNOl e
sxcocr-(sxcnxostcn2+sxcu3)/3.”n' L

:conrs:sxcxN/(sxeocrt:z)--;;f : : ‘ : :
DlVoCTasonT((SlGMI-SXGM2)¥t2+(S!GMZ-IIGMS)*tZ*(SlGus—SIGMl)*#2)
DIVOCT=D IVOCT/3e R

" D0 260.4=1 sNCELP R o e

’2)6
27

‘Do 28 x=x.N57R~ *,4-,‘15) - : v"-1.?q*" S e
dsEsK LT s T S

IRC CONFS—SL(J-N)) 27.26.26'7',5 [ T S

CONTINUE "
CDNTINLE




!

‘781

- 28,
29

752

IF(DIVOCT-SD(K, JLS=14N)) 25428.28

CONTiNuE ) L
CONT INUE N ’ '
00 751 K=loNSTRN oo

Js2=K. - ol

'.IF(DIVOCT—SD(KwJLS-N)) 752.751'75l

CONTINUE
CCNTINUE

341

PR1=1, 061*(VS(J51oJLS-loN)-VS(Jsi-l-JLS- oN))/(ST(JSl-N) ST(JSX lc-

IN))=1,0 . v
IF(PRI.GT.0.49) PR1= 0.49

PR2=1 O61t(VS(JSZ.JLS
lN)) -1.0
‘xF(pnz.GT.o.Ag) pnz=c.49

IF (PR3 3T 0,49 ) PR320.49 Y

DlFl=‘D(J<loJLS°loN)-‘D(J“l leL‘~loN)

-ETP|=01F1/(ST(J51.N) ST(Jsx-l.N))
GTP1=ETP1/(0. 9425:(1.09&1)) o

S DIF2=SD(JS24dLSN)=SD(IS2=1 4 JLS\N) -

ETP2=DTIF27(STIJISR:N)=STLUS2=1+N)) -

 GTP2=ETP2/(0.9428#(1,4PR2)) : : -
GTP=GYPL 4 (GTP2-GTPIJ*(CONFS -SL(JLS—IoN’)/(SL(JLS.N)—SL(JLS- 1.N))
© GTP2100. #6TP ' o

851

- 8s2 1F-. (NCELP.GT-O) co Tp aooo

- 8000

13

BULKM
SHEARM=G TP
IFCFANLYS.GT.0) 'GO.TO esz
'sxcnnz=pn3*(s:cu1+<xeu3)
T SIGMM2=( SIGMM2451GM2) /24 -
STRSZABS (S5IGMM2-5IGM2)
IF(NCOUNGE+i1§ 6O TO €8]

'.N)—vs(Jsz~1.JLs

a

¢

=GTPt2.t(1.+PRJ)I( .t(l.-z.tpna))

FRRERY

-

;N)i/(sriaszgy)fsrlusz—m;

R

IO

T

'xF(Aastsxcunz-s:suz).Lr.o.q:) 0 ‘10 esx..f o

51GM2=SI GMMZ " L

GO-TO 950 o

CONTINVE.

NK=N L
JEJBIY .

‘CALL. erssvtz)
IF(NI?ER.EO.I)TEBULK=BULKN

“lF(NlTERoEO.Z)EBULK(JJ)=BULKN

-XF(ITOPTAGT.O.AND.NITER.EG-i)EBULK(JJ)S(EBULK(JJ)OTEBULK)Izn

IRCITOPT 4EQ 04 AND.NITER, EO-l)EBULK(JJ)'TESULK;

:lF(NlTERoEOol)TSHEAR'ShEARﬂ o

“ 30
IF(NITER-EQJz)ESHEAR(JJ):SFEARM

IF(NITER EQ, 2.AND,ClVS-GE-DIVSF.ANt-NTENso

IJ)ISO-!

~IF(xTOPT;GT.o.AND.Nxten.Ea.1)esuEAn(JJ)-(EsHEAn¢JJ)orsnznq)/a. L

IF(1TOPTEQ. O.AND.N!TERoEG'l)ESHEAR(JJ)‘TSHEAR

IF(ESH”AQ(JJ) GT.(!.AS*EBULK(JJ)))ESHEAR(JJ)SX-QS*EBULK(JJ) ?
' lF(ESHEAR(JJ)-LT-(EBULK(JJ)/SO ))ESHEAR(JJ)OEBUL&(JJ)/50;

CONTINUE -

CIF CITGPT.EG.1 » ANC- eren.zo.z) GQ ro 31

f’!RlTE‘O-llO) L B :
UR!TS(602055)(NUME(Nl.N?I(N)oNPJ(N)cNFK(N).EBULK(N).RO(N)-ESHEAR(N

© 31

x). MAT(N)y . R=14NUMEL)
IFCITOPT4EQ.0) 60 T0.500
lF(NXTER.Eogl) GO TQ 160

“v

@

A e

- ' . . . '.v.‘fj
PR3-PR1+((PR2—PR1)*( CDVFS-SL(JLS*lvNi)/(SL(JLS.N) SL(JLS*J.N))) ‘

XF(N!TER.EO.!.AND-CIVS-GE.CIVSF-AND.NTENS-GT00) TSHEARREBULK(JJ)/S

.0) ESHEAR(JJ)-EBULK(J'



.. 500 _CONTINUE -

‘ann

‘neaan

'3421«'

A “GO To-925
”‘PRINT OF 'ERRORS xN INPUT DATA SRR }iﬁ?wi

702 lR!TE(6.7!2)Lx
. .FQQMAY»STﬁTE&ENTS L Lo T ST \‘

) lQFDRNAT(lOIS) o
e FORMAT(llso314.0E12 4.1Fa.4)
-3:’FORNAT(I5.4F10.0o2F12-al
- 4 FORMAT (218,1F€,3) T
- 5 FORMAT (ssxs.s)
-6 FORMAT(11S) - -

7 FORMAT(IA.6F8.0). S e e e

. 20° FORMAT (215)

8. FORMAT(21442F8.0)
. 9 FORMAT(41S).: . :
13 FORMAT(615,2F10, o.sz)-~

21 'FORMAT{7FS8.0) . ' > RRERTNS e
23 FORMAT ‘(1 tLATSTRESS® y&Xy | 6FBo3/) | R

. ‘102 FORMAT "(30H NUMBER GF 'NOCA ,
/103 FORMAT (3QH NUMBER OF BOUNLARY PCINTS® .114/,“

24" FORMAT ' (xx.-sraAIN-.ax.xse.z. 6F8o3/); G R e e

.40 ,FunnAT(sze.oy N - . R R VAP Lol

‘99 FORMAT (1H1). L e ::._;j_ R
100 FORMAT(18A4) R A R el

101 FORMAT' (3ononuuasa OF ELEMEN ST mUTAL) . T e
PO!NTS 2wl 1LY ‘*, i.; S T TR

108 FORMAT "{'30H CYCLE PRINT INTERVAL .\ .:"nxx¢/)
105 FORMAT (30H OLTPUY INTERVAL GF’RESULTS'.HIIQI)
106 FORMAT {30H CYCLE LIMIT © . S mites)

. 107 FORNAT (30H TOLERANCE LIMIY. ='-_\pre12.41)
© 108 FORMAT (30H OVER RELAXATION FACTOR .. mIF8e3)

110 FORMAT (7AMIEL. ~ 1 'y k. . EBULK BENSITY: f',; EsHEAR

- 112 FORMAT (20H BOUNDARY ONDITIONS)

124 FORMAT(:15.5512,5.5511.4) - s
2125 FORMAT(2I8,3E12,.5) . - ,~:,v.v LN e T B
126 FoRMAT(xx4.zexz.5) S e o
602 FORMAT(Is.ZFlO-O) PRI "fé

117 FORMAT (30H.LIFY NUMBER =~ - @ = " ° »~.1;.,, fg{.kﬂ,j 5A;u'f ><~j:f'fj;7
109 FORMAT (118,4F12.6,2F12.8) - L o n S
AT NG, ey T e T .
111 FORMAT(80M1 " NP~ "x=0RD ' - v-oRp x~L0Au Y-LOAD
1. x=DISP  v¥api yo LT **:* e

- 119 FDRMAT(34H0 L CYCLE FORCB UNBALANCE)

120 FORMAT (111:.:&20.6) N .

121 -FORMAT (4 2HONECDAL - FOINT x-oxspLAcsuEuv v~n!spLAceusNT)
‘122 FORMAT: (1112.25:5.6) .

',lea FORHAT(SHIELNO 4x.enx-STRE<s ¢x-aﬂv-‘1ness ax.euxv—srdzss 2xcloﬂuA;:r'-”*‘*‘

1 X=STRESS ZXQXOHNIN-STRESS 2X +9HOIRECTIGN 3x.enx-sraaln 3x»auv-srn~ R
‘2IN- 1x.xonmx-smu~ lelOHNlN-#TnAxN) --....:: ' ;

633 FORMAT. (v0¢, a ' ‘ ‘ el .
‘: x-nAx.‘anncprL =Tﬁess=-.slo.s.-ano c¢cuns IN ELEM. .16// o
- 2°MINe PRINCIPAL stn&ss=-.Fxo.5.'ANO CCCURS IN: ELEN. .lé//)‘ ;
7:1 FORMAT (32HOZERO. OR NEGATIVE AREA: eL.uc. qx!a» i
712 FORMAT(33HOUVER 8 N-Po ADJACENT 70 Neo, ;




_H670 FDRNAT(//41 -6F12.C)
- 183 .

823

FORMATIRIS,F10.0) - o (o o oo 07 LT e ’j_;jr:“ T
FORMAT(*1')1NODE . X:STRESS. v-stness xv—sraess MAX:STRS '
1 MINGSTRS ' (PI/P1Y 27/} - ‘ LA

824 FORMAT '(30M NUMBER OF READ’ NODAL pcx«ws 11441 : n

. 1825 FORMAT (30H NUMEER OF REAC euEuenxs___‘_:lif/l_j 4;"
1010 FORMAT(ISV6F5,0) o R T~
1020 FORMA?(IS.QF!S-G) 'uhﬂ_ S SRR

1030 FORMAT(315) = . "

2000

2010
o 2020

2021 FORMAT(2X$.F10.Q)

- 20831

FORMAT(* 0", 'NUMBER OF THE MATER]AL='.15/) “I S e
_FORMAT(5F1040) RO SN h
FORMAT (* 00510 ' DENSITY=S'sF18.6/7v10X¢*BLLK MODULUSE® JF1Sa6//,10K," -
1 SHEAR MODULUS='-FlS.clljlOx-'ACOEFR'oFIS-OII.lox.'BCOEF-='-F15-6’ o

: AT (1 CF5.0)

. 2082 ‘FORMAT(IIFS-O) : R
2053 FORMAT('O'.IOX.'STRESS-STRAIN RELAT!CNSHTPS FOR nAreaxALn'.!s//)
‘2055 FORMAT (1S .314.3512.4.15) E. e , _ R '{

‘6005 FORMAT (14,6E15.8) e e S ,g'ﬂl.; j”f,‘,'
8001 FORMAT ("1%,¢ CALCULATED OVERBURDEN FACTOR'.//) : ) o o
3051 FORMAT, (13H1NQDE-x=TnEss 2x.1zHNOOE—YSTRESS 2x.l:HqDDErxvs1RESS zx

¢
€

l 14HNODE°MAXSTRESS 2XolAHNODE~NthTRESS 2X.16HNODE—STRESSRATIO)

92$wa0P L e T e '[:'- -‘,ﬁ o TSR
c. W T DT e T e

SUBROUT!NE FACTOR e
CCMNCNIAFEAI/ AJ(I(OO).SJ(lQOO)oAK(!AOO)-BK(lQOO) L » I
5 COMMCNIAREAZI XORD(?$0).YQRC(750!vNPl(IAOO)iNPJ(IAOO)'NPK(1400’o';

‘“lNPNUH(750).NUME(IQDO)oNUMNP-hUMEL.NUNBCoNANLYSoJM.NSTEP L e

COMMON/ZAREAS/EBULK( 148007, ESHEAR(IAOO)vPA(lOOO).MAT(lQOO).RO‘!‘QO’..\

”'xxv(1400).vvt:AOb).xvv(1400).EPXV(laoo)-enYV(1400).anx¢1400)-

l JI=NEJIM)

2Equ(1400)-EM1~(14003.va(lcoO).vvr(:Qco:.xVVTtlaoO).prvT¢14ool.
JEPYVT(1400) «NELC(600}s UEL{1400)v0BFAC(1400) s STGMT . BULKM.SHEAR“
s.sxcuz.sxcua.xuxN(xaoon.wii«:toot.vvvx(xaoox.xvvtxilAqo:

READ. (3., 6) NSTEPE: U L L

PO 300 N=1 . NSTERPF. B T

" READ. (5.6) NSKIPF .

1F (NSKIPF.EQ.0). co TQ 300 .
"READ 15:7) nal.NquLF.NGnoup
. D0 300 NJ=1,NGROUP -

READ (S 7) NELT JNEL2 -

oo 300 NtNELleELz S

11=NPI (M) T

KR=NPK (M) S s S
xcenr:txono(xx)+xono(JJ)4xCR0(xK))/a. S
vceuT=(YORo(lx)+YORD(JJ)+cho(nx)l/3. o
SAREA=040 - o
ARCE0,0 - B

DO 500 MJ=MJ1-NUMELF
“T=NRI(MJT j S . ;"._.
J=NPJ(MJ) e ./1‘},
CKENPK(MIY ; Lo T
1F . (xcno(x».&o.xceurl 60" TO Qoo e
IE - (XORD (1) «EQ 4 XCENT) . 60.°TO «oqk
"IF {XORD (K} +EQ¢ XCENT)' co4:c 400°

,"o.

AF. (XCENT-GT.XDRD(I)‘ANG XCENT |

_ 0.
- IF (XCENT,GT$XORC(J)-QNCo CENT.LT.XORD(K))'GO TO QOO




S an&naann

o L e e EENT T R

fAK(HJ)=KOFD(K)-XOR£(ll

o
xF (xceur.cr.xORO(x).ANo.xcggl,k?zxonocx)) ao ro 000

60 :To s00 e : IR
vnxo=(von0(1)fvonn(J)+vcnc(K))/3.~"” -;.»v?f’éf'_ T

IF: (vceuv.cr.vuxu) GO VO §Q0 - . - i e T S
" AJLMI)EXCRD (JV<XCRE(1) L e e e

BI(NY) =Y GRD(S)=YCRO( )

. BK(WJ)=YCRO(K)~YORD (1) ‘f,ff.*‘ IR SRR
x‘AﬂéAs(AJ(MJ)tax(uJ)-Ax(uJ)-aJ(nJ)):.. PSR IR SLUNR I A I E
- SAREAzSAREA®AREA™ ;z' , e el e e

1F (YORD(J) «GT o YMAX): YMAX=YOROL J)
MR { (VORD(K).GT.vqu) vqu-vono(n»
. 500, R
D YCONRYCENT o AR
IF (voaocxx).cr.vccu) vccuxvonn(xx)

" AVSTN(20,10¢ 8

FORMAT (ls.rxo.a : e

URETURNG .;‘”{ R L R e

Ces CEBNDL L T
ffsuanouvxne 75510

ccnvsasxou OF TnxAxIAL TEST DATA Fnak coavEviCNAL Foau TO srazss
INVARIANT Foau AND INTERFOLATan T

.,;pb:yp‘&-i.humqtf'r
"READ(531010) (SL(

| SLAJINFRSL (JyNIACCAFAT -
~sxsxur¢4.~)=sL(J.~)'“ i
-conrxnue

,fﬁgAb‘ogqutohiéﬁ;Taéss,pgfggsdﬁféx?enfﬁhiéniggs.;5

“po 20: x-x NsrRN“

ARO:AHD*AREA*RO(MJ) V-'“”,'gi D T A I T

©YMAX=NCENT | - L _f?'=f,T P AP N O ST

IF ¢voao¢x),cr.vnax) Ynax- PROCT)

GCONTINUE

1F (YORD(2J), GT:Vch) YCON=YCRE(JI)

1IF (YORD (KK) +GTi¥CCN) 'YCCNaYORDC(KK) - - SR
‘OBFAC(H)-((YM&X-YCENT)*A“OISAREA)/((VCON—YCENT)‘RO(M))

CONTINUE .. - .- e . Do P .’.”."
FCRMAT (15) . -'ﬁ*-‘ PRI - *w_:"‘ 1»5_ .";Y,ﬁ- R A
FORMAT' (318) '1 e e e i e T T e T

N

:v‘

‘DIMENSION SL(ZOy ex.so«ao.zo. a).vs(zo.xo ;a).sxcxuvlzo.ao. o)

CONNCNIAREAB’

,).J-x.nchp; R
00 15-Jul NCELP . - L

nonts.xoaO) ST(k . (SCAK




11030
1038

*1040

104y

1050

" - 1060
. .1070

1071

. RETURN ;p

-;sbanour:ns RTAPES (NC)j;,4’*”

. e . s I
00 25 J=I.NCELP ' D T e N R i
o ’SQ(KoJnN):SD(K.J.h)*CONFAC I, R
. 25 CONTINUE . , : IR . : _
20 - CONTINUE - - e o o et SRR
o L MRITE (6,1030) N 0.0 PO A TR SRS © S
e ’~~iRtTE(6.1040) (SL(J-h)oJaloNCELPl ‘ e S
N S .
' READ vauueTnx;-STRaxN.cATA<Foa qvaN MATERIALS
< _
e oo 30 K—I.NSTRN S
READ  '(5,1020)" ST(KuN).(VS(K.J.N);J=1-NCELP)
4-A‘URITE(6.10503 ST(K.N).(VS(K.J N)oJal-NCELP)‘.
30 [CONTINUE o
" DO 35 ,K=i,NSTRN ST ‘ o
-_;[uaxre(o.xOSO) ST(K.N).(<0(K.J.N).J=3.NCELP) o
35 CONTINUE A w
" 10 "CONTINUE 4 S T T I T e
S .1 YY) hsl.NUMAT IR I S e e
D0 45 Jal NCELP - o .*-'ga«"; TR P oo
D0 50 K=1', NSTRN ' RS S SN B
- PRODE (SL(JyN)$%2) %(SD (Ko Js ~)¢sL(J.N)) S
'SIGOCT=SL(J-N)0(SC(K.J N))/S.:H o S A
IP{JJEQe1 JAND.K.EC.1) GO TO &1 - - g R A SR
P ?SIGINV(K.J.N):Pnooltsxsocrttz) L e oL
51 . ‘lF(JlEQ.l QANQQKQEQOI) SIGINV(KOJ'N,'OQQ
.80 CONTINUE .~ * ° :
© 45 CONTINUE. : 11~ o
Ll DDUTO l=l-NCELP
. ‘D055 Kag JNSTRN
- DO* 60. J=1.NCELP
- LSEY B S
: ~'LIF(SIGINT(1¢N)-SIGINV(KvJ'N))61'60060 Rl
60 - CONTINUE
. 63 .- CONTINUE" X : - i L Ff
:”~-'roc1u<n.x.u)ssotn.JLs-x.~)4(so(k.JLs.N)-sotx.JLs-lvNi)*(sIG
1)=SIGINV(KyJLS=1 ‘N))/(SIG!NV(KoJLS-N)—SIGINV(KoJLS-I"N))'
TOCTD(KOIvN)‘TQCYD(K-l:N)‘°o4714 : ; SRR :
vsvugk.x.~)=vstx.JLs-l-N:txvsxx.JLS.N)—VS(x.JLs~.;u{)alsxoxn
’ ﬁl-SlGINV(K.JLS-IaN))/(SIGINV(K.JLS.N)~SXG!NV(KyJ'S- SNE); _
' ;-Gocrtx.x.N)-o.4714t(3.431(x.nx*-vstN(s.l.N))
56 . CONTINUE - o T .
270 CONTINUE® SR
. 40 CONTINUE TR L
"5 1000 FORMAT(318,F10,0) . -
- 1010 FORMAT (1 0F5.0) -
-'1020 FORMAT (11FS+0)

FORMAT(# 0, 7
“FORMAT (49 %; " DATA IN sraess lNVARlANY Fonn Foa uArenrA ‘NO
'FORMAT::».iLAtSTREcs-.ox.xore.a?) ‘ ’
Fonnartxx¢-g3/(sxcccr)taz'.1xr10Fe-3/)
FORMAT (1 srnAxN-.sx.Fe.z.xOFe.§/)
FORMAT(1§)." - I :
FORMAT{3F10+0)
,Fonunt(sra.a.arxa.aa




an
kN

' chMCNkAREAz/ xnao(7so).Yonotvso).upx(:aco;.NPJ(14oc).NPK(:AOO).

'lNPNUM(750)'NUMEi1400!-NLMNP-NUMEL»NU*BC-NANLVS'JM NSTEﬂ

. COMMONIAREA3/ )
S Y 8T (2048), SLtzo.a>.50(20.1o.e)-VS(zo.Jo.e).NUMAT.
" 2NCELP+CONFACNSIRN" < *

- "COMMCN/AREA4/ - XLCAC(750):YLOAD(750);55!(750)-OSY(750)-DSXO(?SO" s

leSYO(750).XN!750)¢YN(750)'RPS(7‘Oi-05XOT(750).D$YOT(750): Lo G
: _ZXLOADI(750)-YLOA01(750)-XLCA02(7‘0)sYLOAD2(7SOl-SLOPE(60)vNPB(GO);..
 _‘3NFIX(60)-PlN(?SO).PBN(?SO).KQUN(?SQ)-XYN(?SO) e

anon

COMMCN/AREAS/EBULK(IAOO)-ESHEAR(1400).PA()AOO)-NAT(!QOO)-RO(1400)'v-v’
L 1XV(140014¥YV(1400) 4 XYV(1400) sEPXVLI40C)+EPYV (18000 s XMAX (14004 = o
: REMAX(1400) sEMINCI4C0) s XVT(1400).YVT( 14000 XYVT(1400) JEPXVT (1400}, -
‘g_3epvvr(1400).Nch(eoot.UELxxoOO).anAC(iaoo).sxsux.BUan.SHEARM
'.4.sxcnz.sxqu.xnx~(1a60).xvvx(xaoo).vvrx(xaoO).xvv11(x4oo)

! DIMENSION. UELC(!AOO).U(BOO)

ey

1F-. (uc.so 2) G0 rc 70" TR
“READ (31 NUMELcNUMNP.NUMBCcNUNAT.NANLYS R S
" READ (3¥ (XORD(N).YORD(N).XLOAD(N).YLOAD(N)-DSX(N)oDSY(N)-'A~

" INB1 yNUMNP]

‘::lMAT(N)oDBFAC(N).h:l.NUMEL)

.00 150 1=1,NUMNP e i
_159«NFNUM(!)=! 5;-;.. o 7'*

. 70 READ ' (5.1050) NCQDE-NFPPR
© DO 160 I=14NUNEL ;',&_ﬂ;;‘”
5160 UEL(1)%040 ' ‘

READ (2,1017) (U(N)sNa1,NUMCP)

. MRITE (652015)° 1STEPWNT, NUVCN‘NCOUNT_
“READ - (2¢1017) (UELC(N)»N!I.NUNCB)
. WRITE (651017). (UELC(N)-N=lohUMCh)
. GALL SKIP (NFPPR.O.zi R
.- 0020 Mﬂ!-hUMCN , :
__xaNELC(M) s
AT :UEL(I)=UELC(M) Lo
720 CONTINUE. 7"«

'}READ €3) (NUME(!)‘XVT(l)oYVT(l).XYVT(l)'XbAX l)-XﬁiN(!) PA(lli

“7f1°9
* 1000
1017

S+ 71050 FORMAT (2I%)
. '208'5 FORMAT. (415)
ST TEND

"READ’ (3) (NUMEiN).NPI(N)-NFJ(N).NPK(N).EBULK(N)cRO(N).ESHEAR(N)-

READ " (3) (NPE(N}-NFIX(h)-SLO#E(N)oh’loNU“BCQ

16010100 R S e

.READ". (5,1000) NFTST

1F. (NCODEEQ+0) GG TO 30 -]7=*%’ff‘_¢=‘fj"“'wrfﬂff-‘fl'*'
SREAD . €25 1000) NUMCH' : 'J~‘£*-!. T S

READ (2-2015) !STEP.NT.NUM(N-NCOUNT

TCALL 'SKIB. (NFTSTi0.3). © " ...
" 'READ (3) LNun.NunNP.nunEL FERNEUAE el
READ .(3) (NSNYMLIY, DSXQT(I)'DSYQT(!)-I=I.NUMNP) =

IEPXVT(I)cEPYVT(I)oEMAX(l’tEMIN(X"ul‘loNUQ‘EL BN o
READ (31 (XN{I)-¥N(I).XYN(I)oPIN(!).FSN(t).RPS(!) 1=1 NUMNP),
RETURN - A D R A L
FORMAT . (15) N
FORMAT., (asxo.a)" a

UBROUTKNE DlTEST(hID) : L
GCOMMON/AREA2/ . XORO(750).YDRD(750)[ PI(
lNPNUN(750).NUME(1QOO” NU“NP»BUMEL-NUUB
CONMCN/AREABL PN




7301 FORMAT. (F103:0)
. 302 ‘READ (S,303) coR(I)-An(I).xun¢x)
.303 FORMAT (3F1040)

LY cDUMImCOR(IY -

7 6001 XU(MI=XUR(T)

?.\’7“

R SR ST(zo.a).SL(zo 8)-50(20-!0.8).VSlZDolOOG)oNUMAT'- o e
‘V“ZNCELP-CONFAC-NSTRN'.uji b S

COMMCN/AREAS/EeuLK(1400).Eshsuntxaoo).PA(laoo).nAT(tnoo».no(1400).-,~‘
’vlXVCXAOO)'YV(IQOO)'ﬁVV(XAOO)oEPXV(lAOC).EFVV(IAOO)-XNAX(IQQQ)-A_‘“ L
",-2€MAX(1400).EM!N(EQOO).XVTIxQOOD-YVT(!AQOI.XVVY(lQOOI'EPXVT(IOOO)-‘v5=r[ S
g-JEFYVT(lﬁod).NELC(GOO).UEL(lAOO)oﬂBfACIIAOO)vSlGNchULKﬂ-SHEARﬂ [
' A.SIGﬁZ'Slan.XMIN(lQOQ!.XV?I(140011?VT1(1‘00)sXYVT!(lQOO) '
COMMONIAREAQ/NK.ITQPT N!TER'JEJ AP.CCR(B)-AR(!)-XUR(G).
ICD(IAOO) AA(I‘OO)'XU(XAOO) T
IF (N31D.EGs#2) GO YO'S
" READ (s.sox) AP | ‘

DO._302 I=1,AUMAT * =i

".DO 6001 M=lvNUNEL

I'HAT(H)

AA(N)‘AR(!)

. .'DQ 8000 MELGNUMEL L T I s
s L (no«u».us.o.o» co TO oooo BRI
_T=NPLAM) R
: “JlNPJ(MILw,f
T KENPREM). R
”vxaAaS(vhno(x)—vonctaxx
- ¥ZmABSAYORDAJI~YCRE(K) ).~
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In Fig C l of th1s append1x the 1nsta]]ation{details‘




C

..:" o

 u, are shown, the compress1b111t1es of the upper bedrock may be
| est1mated and 11sted as 1n Tab]e C 1
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DERIVATION oF EMBANKMENT SETTLEMtﬁf hXCLUDING S
E THE BEDROCK MOVEMI:NT TR

Vert1ca1 or- near vert1ca] movement gauges 1nsta1]ed

”

:5~‘" the dam are genera]]y anchored to the bedrock hef¢fff;*}'

‘S,measured sett]ements, wh1ch are referred to the elevation

A.

‘;V[tchanges of measur1ng po1nts along the gauges. are the results

v Jof the compressxon of dam fi]l and bedrock = The general
*i;fshape of the measured sett]ement profi]e 1s shown schemat1ef2ljtu
';fftally as 1n (c) of Fug D 1 ‘ t-. “.: “N;.'“'rzlt J»j“‘
E In svmp]1f1ed ana]yses, bigrock has often been assumed

”:"f”as undeformed med1a in these cases the Compa"15°"§3b¢t§ee“” ..“




:,'current he1ght may have on]y 1nc1uded the bedrock movement ,.‘_
iliof [(6 ) - (8 B)A] Thus, the embankment settlement exclud1ng‘ve
hthe bedrock movement for measur1ng po1nt A may be approxrmately;”
1:determ1ned by SUbtraCt1"9 [( )h¥ (6 B)A] from the measured S
VISettlement The resu]ted embankment sett]ement prof1]e 1s

o v111ustrated 1n (C) Of F19 D 1 ‘;f?iﬂi?*f‘5°9ffﬁ7fﬁ7"-ﬁ?"ﬁif
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Thls append1x presents the subrout1ne used for *
E:descr1b1ng nonllnear stress strain behaviour of so11 with
;jt}ihyperbol1c re]at1onsh1p The method proposed by KulhaWy
7q'5et al (1969) for der1V1ng non]inear tangent modu]us and
”qutangent Poisson s ratio from tr1axia1 test data 1s used

e By rep]ac1ng th1s subrout1ne to subrout1ne DITEST 1n Appendixg.ff;

;?B, the ahalys1s w1th hyperbo]ic stress straln re]ationships

f{;can be performed

For the case when th]S Subroutlne 1s used,ft”em:(l

:ffffollows
| (a) Card/l (F 10 0)

‘;fffji 10 AP (Atmosphe ‘ressure expressed 1n“th
B ,= unit as stresses) o -

..;g;;z<s) Cards NUMAreflar_a 0)‘°"”

?“’if"Fé ]5 HIR (- e. :
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- COMMON/AREA2/ ' xononsm.vonoﬁso»mn(uom.NpJ(MOOJ.NPK(uoO). DL e
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IR (Nlo.so.z) GO TG s
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IF (Y2.GT.DEPTH) ozpvuavz
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. SEE L ‘EJ. . \fJ:'j o LE L ‘=fff364‘ '
, - iE ‘ .
.iﬂpn OBPtCON°T, e ‘ .
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YT 6000 CONTINUE JRAEE R .
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