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A .K . P AR K IN  

I.B . D O N A LD

SYNOPSI S A pr ogr amme of  t r i ax i al  t est s has been conduct ed t o exami ne t he non- l i near  def or mat i on
behav i our  of  a t ypi cal  s i l t y c l ay cor e,  as used i n Tal bi ngo Dam.  The mat er i al  i s shown t o be wel l  
sui t ed t o hyper bol i c  model l i ng.  Cons i der at i on i s al so gi ven t o t he i nt er nal  col l apse pot ent i al  t hat  
may be gener at ed by t he passage of  a sat ur at i on f r ont .  The hyper bol i c  model  has been checked by 
back- anal ys i s  of  t r i ax i al  t est s,  and appl i ed t o an anal ys i s  of  def or mat i ons and por e- pr essur es i n 
Tal bi ngo Dam.

I NTRODUCTI ON

Compact ed unsat ur at ed cl ayey mat er i al s  ar e 
nor mal l y  used as t he cor e el ement  of  f i l l  dams.  
Ser v i ce l oadi ngs ar e compl ex,  even under  nor mal  
oper at i ng condi t i ons,  and st r ess r anges ar e such 
t hat  s t r ess- s t r ai n behav i our  i s s i gni f i cant l y  
non- l i near .  Non- l i near  met hods shoul d t her ef or e 
be appl i ed t o t he anal ys i s  of  def or mat i on of  
such st r uct ur es,  wi t h par amet er s der i ved f r om 
l abor at or y t est s whi ch model  t he f i el d 
s i t uat i on r easonabl y.

Fi r s t  f i l l i ng i nt r oduces wat er  l oads on t he 
ups t r eam f ace of  a dam cor e,  and i ni t i at es an 
advanci ng wet t i ng f r ont .  Because compact ed 
soi l s have a pot ent i al  f or  st r uct ur al  col l apse 
when sat ur at ed under  st r ess,  cor e mat er i al s  
must  be checked i n t hi s r espect ,  and al so t o 
pr ovi de dat a f or  def or mat i on anal ysi s.

I ni t i al  t es t i ng cons i s t ed of  a ser i es of  c on 
sol i dat ed undr ai ned ( CU)  t r i ax i al  compr ess i on 
t est s per f or med by t he SMA.  However ,  as t hese 
t est s coul d not  pr ovi de suf f i c i ent  dat a f or  a 
non- l i near  anal ys i s  of  dam behav i our  f or  
compar i son wi t h f i el d measur ement s,  t wo f ur t her  
ser i es of  t est s wer e per f or med at  Monash Uni v 
er si t y.  These cons i s t ed of  an unconsol i dat ed 
undr ai ned ( UU)  ser i es and a consol i dat ed dr ai ned 
( CD)  ser i es,  as det ai l ed i n Tabl e I I .  Of  t hese,  
t he CU ser i es was t est ed unsat ur at ed,  wi t h por e 
wat er  pr essur e measur ement s,  t he UU ser i es al so 
unsat ur at ed wi t h i ni t i al  por e- pr essur e onl y and 
vol ume change by cel l  wat er  out f l ow,  and t he CD 
ser i es sat ur at ed wi t h vol ume change vi a bur et t e.  
The UU t est s model  end of  const r uct i on condi t i ons 
and t he CD t est s t he st eady seepage condi t i on.
A f ur t her  ser i es of  7 consol i dat i on t est s was 
car r i ed out  t o i nvest i gat e col l apse behav i our  
on wet t i ng.

Thi s paper ,  whi ch i s compl ement ar y  t o Par k i n and 
Adi kar i  ( 1981) ,  pr esent s r esul t s  of  an 
i nvest i gat i on of  non- l i near  s t r ess- s t r ai n and 
col l apse behav i our  of  t he cor e mat er i al  f or  
Tal bi ngo Dam ( Snowy Mount ai ns Scheme,  Aust r al i a)  
and i ndi cat es t he use of  der i ved par amet er s  i n 
a f i ni t e el ement  anal ysi s.  Det ai l s  of  t he 
hyper bol i c  par amet er s  and t hei r  appl i cat i on ar e 
gi ven by Par k i n and Adi kar i .

TESTI NG PROGRAMME AND MATERI AL PROPERTI ES

The cor e mat er i al  was a s i l t y  c l ay der i ved f r om 
Andes i t i c  basal t ,  f or  whi ch basi c dat a i s gi ven 
i n Tabl e I .

TABLE I

L ' p
Li near  shr i nkage,  % cl ay

3
Sol i ds dens i t y  ps ( t / m )

Per meabi l i t y  k ( m/ s)

Y , ( kN/ m3) , W ( St andar d)  
a opt

( kN/ m ) ,  W t  ( Heavy)

42,  23 

7. 2,  20 

2. 80

2. 8 x 10

17. 0,  18. 0

18. 1,  15. 5

- 10

NON- LI NEAR STRESS- STRAI N BEHAVI OUR

Resul t s  f r om t he t hr ee t r i ax i al  ser i es ar e shown 
i n Fi gs 1,  2 and 3,  and hyper bol i c  par amet er s 
der i ved f r om t hese gr aphs ar e gi ven i n Fi g.  4

TABLE I I

Det ai l s  of  Tr i ax i al  Compr ess i on Test s

Ser i es Pr epar at i on Par amet er s

UU Yd = 18. 0 k N/ m3 c
u = 85 kPa

Monash w = 15 -  17% <f>u
= 23°

CU y , = 18. 4 kN/ m3 c
u

= 70 kPa

SMA w = 16. 7% = 23. 7°

c 1 = 55 kPa

<f>’ = 33°

CD Yd = 18. 0 k N/ m3 cd
= 55 kPa

Monash w = 15 -  17% * d
= 32°
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Fi g.  2 St r ess- s t r ai n- por e pr essur e,  CU t est s

Fi g.  1 St r ess- s t r ai n behavi our ,  UU t est s

and Tabl e I I I .  The essent i al l y  l i near  Mohr -  
Coul omb envel opes ar e gi ven i n Fi g.  5,  wi t h bot h 
t ot al  and ef f ec t i ve st r ess i nt er pr et at i ons of  
Ser i es CU.

PORE PRESSURE PARAMETERS

I ncr ement al  por e pr essur e par amet er s ar e r eq
ui r ed f or  t he f i ni t e el ement  anal ysi s.  As Ser i es 
UU and CU speci mens bot h cont ai ned ai r  and wat er  
i t  i s necessar y  t o def i ne t he i ncr ement al  por e 
wat er  pr essur e change as

Au = Au + Au , 
w wa wd ( 1 )

wher e Au and Au ar e component s  due t o al l 

r ound st r ess Aa,  ana st r ess di f f er ence ( i o. - i oj )  
and as Auw = [ Aa. J+Ai  At a^- a. ^) ]  (2)

t he i ncr ement al  por e- pr essur e par amet er s ar e

A.  = Au , / B.  ( Acr . - Aa, )  
l  wd'  l  1 3

and B^ = Auwa/ Aa3

(3)

(4)

The B par amet er s  wer e i nvest i gat ed f or  speci mens 
compact ed t o a s i mul at ed f i el d condi t i on.
I ni t i al  negat i ve por e- wat er  pr essur es,  measur ed 
accor di ng t o Bi shop et  al .  ( 1960) ,  aver aged 70 
kPa.  Por e pr essur es wer e t hen r ecor ded f or  100 
kPa i ncr ement s of  cel l  pr essur e,  l eadi ng t o 
gr aphs of  B and B j  ver sus cel l  pr essur e ( Fi g 6) .  
These cur ves can be descr i bed by t he hyper bol i c  
equat i ons :

TABLE I I I

Hyper bol i c  Par amet er s ( f r om UU t est s)

K 250
Rf

0. 86 F 0. 315

K 400 d 5. 0 G 0. 045
ur

n 0. 45

B = a j / ( 400+Oj ) B.
l

a3/ ( 150+a3) (5)

f or  i n kPa.  These r el at i onshi ps ar e al so 

pl ot t ed i n Fi g.  6.

The A^  par amet er s wer e cal cul at ed f r om Ser i es CU 
t est s us i ng equat i on ( 3) ,  as shown i n Fi g.  7.  I n 
kPa uni t s,  t hese cur ves can be expr essed as

Ai  Bi  = 5. 5 x 10
- 4

( Oj - O j ) +  0 . 3 ( 6 )
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Fi g.  3 St r ess- s t r ai n behavi our ,  CD t est s

f or  val ues of  bel ow peak,  and gi ven

by (5)  above.  As no el ement s i n t he dam r eached 
f ai l ur e,  equat i on (6)  i s adequat e f or  use i n por e 
pr essur e pr edi ct i ons.

COLLAPSE BEHAVI OUR

The col l apse pot ent i al  of  cor e mat er i al  depends 
on cl ay cont ent ,  i ni t i al  moi s t ur e cont ent  and 
dr y  densi t y,  and st r ess l evel .  Set t l ement  
dur i ng const r uct i on occur s mai nl y  by compr essi on 
of  ai r  voi ds,  but  addi t i onal  set t l ement  may 
f ol l ow t he passage of  a wet t i ng f r ont .  Thi s 
l at t er  component  of  t ot al  set t l ement  i s s i gni f 
i cant  when t he cl ay bi nder  cont ent  i s smal l  ( e. g.  
s i l t y  soi l s)  and t he compact i on wat er  cont ent  
cons i der abl y  dr y of  opt i mum.

Speci mens wer e compact ed,  at  moi s t ur e cont ent s 
r angi ng f r om 5% t o 27. 5%,  i nt o a spec i al consol -  
i domet er  100mm di a.  by 65mm hi gh.  Sampl es wer e 
l oaded t o 1, 600 kPa ( r epr esent at i ve of  cor e 
st r ess at  el evat i on 445m)  and t hen f l ooded,  wi t h 
vacuum assi st ance.

Fi g.  8 shows set t l ement  cur ves f or  t he dr y and 
sat ur at ed st at es under  t he 1600 kPa l oad:  t he 
l at t er  cur ve shows i ncr eased set t l ement  f or  " dr y"  
compact i on,  and agai n f or  " wet "  sampl es,  wher e 
i t  i s essent i al l y  consol i dat i on.  A mi ni mum 
occur s,  i n t hi s case,  about  5% dr y of  opt i mum.
An upper  l i mi t  t o t he col l apse pot ent i al  of  dr y 
mat er i al s  can al so be def i ned f r om t he per cent age 
r es i dual  ai r  voi ds.

The col l apse pot ent i al  of  t he Tal bi ngo cor e,  
pl aced mar gi nal l y  wet  of  opt i mum,  i s cons i der ed
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U = 2.75x10 ‘ (O',- <r 3> 

+  0.30(f f , - <r3 >

o-3 (kPa) ( Aj B;  )

0II

b

138 .30
276 18
552 .30

1035 .30

u 200 400 600 800 1000 1200

DEVI ATOR STRESS (O' , -CT3) — kPa

Fi g.  7 Tangent  por e- pr essur e par amet er  A

smal l ,  and has not  t her ef or e been i ncor por at ed 
i nt o t he pr esent  anal ysi s.  I f  r equi r ed,  however ,  
i t  can be i ncl uded,  f ol l owi ng t he met hod of  
Nobar i  and Duncan ( 1972)  as appl i ed t o wet t i ng 
col l apse of  an ups t r eam r ockf i l l  shel l ,  but  i t  
woul d not  appear  t hat  t hi s has been done yet  f or  
a cor e.

DEFORMATI ON AND PORE- PRESSURE I N TALBI NGO DAM

Usi ng par amet er s  f or  t he cor e der i ved f r om t he 
above t est  pr ogr amme,  and par amet er s f or  t he 
r ockf i l l  and f i l t er s as der i ved by Par k i n and 
Adi kar i  ( 19 81) ,  t he FE met hod has been appl i ed 
t o anal yse t he end- of - cons t r uc t i on, f i r st  f i l l i ng 
and st eady seepage si t uat i ons.  The f i r st  of  
t hese has been r epor t ed by Par k i n and Adi kar i  
( 1980) .  Repr esent at i ve r esul t s  ar e gi ven her e 
f or  di spl acement s  on a hor i zont al  sect i on at  
el evat i on 457. 2 m ( Fi g.  9)  and f or  por e- pr essur es 
i n t he cor e ( Fi g.  10) ,  t oget her  wi t h t he cor r es 
pondi ng f i el d measur ement s.

Wi t h r espect  t o set t l ement ,  t he comput at i onal  
model s wer e f ound t o be i n r easonabl e agr eement  
wi t h f i el d measur ement s,  but  wi t h a t endency f or  
hi gher  val ues i n t he cor e and l ower  val ues i n 
t he r ockf i l l  shel l s.  However ,  f or  hor i zont al  
movement ,  i t  was f ound t hat  t he non- l i near  model  
i s subst ant i al l y  l ow on t he upst r eam si de,  whi ch 
may be r el at ed t o numer i cal  i ns t abi l i t i es ( i n E 
and v)  occur r i ng i n t he out er most  el ement s of  
t he cor e and r ockf i l l  zones on t hi s si de.

The por e- pr essur e pr edi ct i ons,  based on t he 
i ncr ement al  A^  par amet er s,  woul d appear  t o be 
mor e successf ul  i n t he cent r al  and l ower  por t i ons 
of  t he cor e.  Dev i at i ons i n t he upper  por t i on ar e 
bel i eved t o be par t l y  due t o r esi dual  negat i ve 
por e- wat er  pr essur es,  due t o a r educt i on i n t he 
pl acement  moi s t ur e cont ent  i n t he l at er  st ages.

DI SCUSSI ON

Fr om t he t r i ax i al  t est i ng pr ogr amme,  non- l i near  
s t r ess- s t r ai n behav i our  was appar ent  i n al l  t hr ee 
t est  ser i es,  wi t h t he devi at or  st r ess appr oach
i ng a const ant  val ue at  l ar ge st r ai n.  Wor k 
sof t eni ng was not  obser ved,  and t hi s f or m of  
cur ve i s wel l - sui t ed t o hyper bol i c  model l i ng,  as 
i s ev i dent  f r om t he back- cal cul at ed t r i ax i al  
cur ves ( Fi g.  1) .

Si gni f i cant  i ni t i al  vol ume decr eases occur r ed 
f or  bot h t he UU and CD t est s,  wi t h no net
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Fi g.  8 Sat ur at i on col l apse behav i our

di l at i on unt i l  near  f ai l ur e.  Thi s behav i our  was 
r ef l ec t ed i n t he measur ed por e- wat er  pr essur es 
dur i ng t he CU t est s,  al t hough t hi s ser i es was 
per f or med wi t hout  back - sat ur at i on. Thi s suggest s,  
and measur ement s  conf i r m,  t hat  i ni t i al  negat i ve 
por e- wat er  pr essur es on compact i on wer e smal l ,  
so t hat  ( ua- uw) can be expect ed t o be i ns i gni f 
i cant  at  t est  pr essur es ( Bi shop and Henkel ,  1962)  
Thi s shoul d appl y f or  al l  sampl es compact ed at  
or  wet  of  opt i mum moi s t ur e cont ent . Fur t her  con
f i r mat i on i s f ound i n t he f ai l ur e envel opes of  
Fi g.  4,  wher e t he ef f ec t i ve st r ess envel opes f or  
CU and CD t est s al most  coi nci de,  whi ch woul d not  
occur  i f  t her e was an appr ec i abl e ai r - wat er  
pr essur e di f f er ence ( Donal d,  1963) .

Fr om Fi g.  4,  t he undr ai ned f ai l ur e envel opes f or  
UU and CU t est s ar e al so ver y cl ose,  showi ng t hat  
t he UU sampl es consol i dat ed t o equi l i br i um al most  
i mmedi at el y  by t he compr ess i on cf  ai r  voi ds.
These t est s ( UU) , whi ch wer e t o s i mul at e r api d 
cons t r uct i on condi t i ons,  had t o be per f or med 
qui ck l y  t o mi ni mi ze ai r  di f f us i on t hr ough t he 
t r i ax i al  membr ane.
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D IST A N C E FR O M  U P ST R EA M  FA C E  ( m )

Fi g.  9 Def or mat i ons at  el evat i on 457. 2 m

CONCLUSI ON

I n t he case of  Tal bi ngo Dam,  t he hyper bol i c  
model  has been f ound t o be emi nent l y  sui t abl e 
f or  f or mul at i ng s t r ess- s t r ai n l aws f r om t r i axi al  
t est  dat a.  I t  has al so been f ound t hat  t he por e 
pr essur e par amet er s  can be expr essed i ncr emen
t al l y  i n t er ms of  t he pr i nc i pal  st r esses i n a 
f or m whi ch can,  agai n,  be conveni ent l y  i ncor por 
at ed i nt o f i ni t e el ement  anal ysi s.

Onl y spec i men r esul t s  of  t he anal ys i s  of  Tal bi ngo 
can be i nc l uded her e,  but  t hese i ndi cat e t he 
t ypi cal  or der  of  cor r el at i on bet ween f i el d ob 
ser vat i on and l abor at or y  pr edi ct i on.  Thi s i n
di cat es t hat  t he non- l i near  model  can l ead t o 
i mpr oved pr edi c t i ons i n some ar eas,  but  t hat  t he 
s i mpl er  el ast i c  model  al so per f or ms ver y wel l .

Fi g.  10 Obser ved and pr edi c t ed por e- pr essur es
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APPENDI X

A modi f i ed oedomet er  t est  has been used t o exam
i ne col l apse pot ent i al  on sat ur at i on.  Al t hough 
t he col l apse pot ent i al  i s smal l  f or  t he Tal bi ngo 
cor e,  pr i nc i pl es have been est abl i shed f or  
f ur t her  devel opment .  The st r ess changes on a 
cor e el ement  dur i ng sat ur at i on ar e,  however ,  not  
s i mpl e.
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r at es wer e as f ol l ows:

UU Ser i es 
CU Ser i es 
CD Ser i es

0. 5 mm/ mi n 
0. 17 mm/ mi n
0. 027 mm/ mi n

Par amet er s f or  el ast i c  anal ys i s  ar e gi ven by 
Par k i n and Adi kar i  ( 1980) .
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