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Modeling the yielding behaviour of natural soft clays 

Modelisation de la limite elastique des argiles molles naturelles

T. A. Newson -  Geomec hanics Group, The University o f Western Australia, W.A., Australia

A B STR A C T: This p aper p ro p o ses th e  u se  o f  a  co nstitu tive  m odel A N P E T A L  fo r describ ing  th e  stress-strain  behav iour o f  natural soft 

clays. T h e  m odel has an em pirical yield locus ro ta ted  a round  th e  Ko conso lida tion  line and a  non-associated  p lastic poten tial function. I t is 

dem onstrated  th a t it can  p red ic t yield envelopes fo r m aterials w ith  a  w ide range o f  fric tion  angles. P relim inary assessm ent o f  th e  m odel has 

been by com parison  w ith  labo ra to ry  d a ta  from  an investigation  on  a  sensitive cem en ted  natural clay. T he results co rre la te  reasonably  well 

w ith th e  observed  d a ta  and significantly c loser than  sim ilar p red ic tions m ade using  an o th e r an iso trop ic  m odel.

R E SU M E : C et article p ro p o se  d ’utiliser une loi de  com p o rtem en t constitu tive  A N P E T A L  p o u r decrire  le com portem en t en con train te- 

deform ation  d ’une argile m olle natureiie. L a  loi de com p o rtem en t a  une courbe de  chargem en t em pirique qui e s t o rien tee  au to u r de  la ligne 

K , de conso lida tion  an iso tro p e  et une  fonction  d e  po ten tie lle  p lastique non associee. II a  e te  dem ontre  que  ce tte  loi p eu t pred ire  des 

enveloppes de  chargem ent p o u r des m ateriaux avec une  g rande gam m e d ’angles de  fro ttem ent. L es prem ieres verifications de  la loi de 

com portem ent o n t e te  faites p ar com paraison  avec les resu lta ts de  laborato ire  o b ten u s p ar des essais su r une argile natureiie sensitive et 

cim entee. L es resu ltats o b tenus co rre sponden t assez  b ien  a  ceux observes et so n t significativem ent plus p roches q u e  des predictions 

similaires faites en u tilisan t une  au tre  loi de  com portem en t anisotrope.

1 IN T R O D U C T IO N

The evaluation  o f  th e  yielding behav iour o f  soft clay d eposits is 

particularly  im portan t w ith  regard  to  the  design o f  stru c tu res tha t 

are founded  on  these  m aterials. A s the  clay g o es  from  an 

overconso lidated  sta te  to  a  norm ally consolida ted  sta te , th e re  is a  

dram atic reduction  in th e  stiffness response, w hich can  cause 

significant se ttlem ents and even structu ral failure. T here fo re  the  

identification o f  stress pa ths th a t lead to  yielding behav iou r is 

critical. T h is is accom plished by the  identification  o f  yield 

envelopes, th a t separa te  elastic stress sta te s from  plastic  stress 

states. T o  d a te  th e  yield envelopes o f  som e 50 natural soft clays 

have been  determ ined (D iaz-R odriguez, 1992), from  coun tries all 

over th e  w orld.

T h e  classical theo ry  o f  plasticity (Hill, 1957) has p rov ided  a 

fundam ental descrip tion  o f  the  stress-strain  behav iour o f  soft 

clays. T he p ioneering  w o rk  o f  D ru ck er e t al. (1957) served  to  

in troduce th e  notion  th a t a convex stress envelope can  be  used  to  

describe th e  yielding behav iour o f  lightly overconso lida ted  clays. 

W hilst it has been  revealed experim entally  th a t stress cycles 

w ithin th e  elastic dom ain o f  m any clays display som e plastic 

straining, th e  sim ple concep t o f  yielding is still w idely used. T he 

com bination o f  sim plicity and accuracy o f  'cap' m odels (and their 

derivatives) has ensured  their con tinued success as p redictive 

tools.

T h e  earliest elasto -p lastic  m odels used  to  describe  the 

constitu tive behav iour o f  soils assum ed th a t the  m aterial displayed 

structural iso tropy  (Schofield and W roth , 1968). T he effects o f  

the an iso trop ic  struc tu ra l fabric o f  natural clays w ere  considered  

to  be  secondary  to  a  fundam ental descrip tion  o f  th e  yield 

behaviour. H o w ev er the  natural form ation  o f  clay in horizontal 

layers o f  large lateral ex tent, resu lts in a  m aterial displaying an 

'inherent' an iso trop ic  structural fabric. A  particu lar fabric 

arrangem ent is developed and preferred  o rien tations o f  particles 

occurs, affecting  th e  stress-strain  behav iour in different d irections.

L ab o ra to ry  investigations by m any g ro u p s o f  researchers 

have revealed  the  significant influence o f  an iso trop ic  fo rm ation  

stresses and subsequen t 'induced' an iso trop ic  stresses on clay 

stress-strain  behaviour. Yield envelopes fo r m any soft clays have 

been found to  be  similar in shape, w ith their location  dependen t

on  th e  com position , anisotropy and stress history o f  the  m aterial. 

I t has been  found th a t the  yield envelopes fo r these soils tend  to  

display m ore sym m etry around the  Ko consolida tion  line in plane 

stress space  (s:t'), ra ther than  axisym m etric stress space (q:p '). 

H ow ever, th e  developm ent o f  constitu tive m odels fo r the  

descrip tion  o f  the  yielding behaviour o f  an iso trop ic  clays has 

tended  to  adhere to  th e  notion  that sym m etry in axisym m etric 

stress space exists (e.g. B anerjee and Stipho, 1978; W hittle, 

1993;. D afalias, 1987). C onsequently , the  yield envelopes used  to  

describe th e  yield behav iour o f  natural clays are  no t necessarily  

the  m o st ap p ropria te  (particularly  at low  stress ratios). It has been

noted  recently , th a t as yet there  is no unified m odel to  describe 

the  yield behav iour o f  m ost natural soft clays, D iaz-R odriguez  e t 

al. (1992).

T h e  p u rpose  o f  th is paper is to  p ropose  a m odel based  on 

critical s ta te  concep ts that m ore accurately  describes th e  yield 

behav iour o f  natural clays. In com m on w ith th e  original family o f  

critical sta te  m odels, the  p roposed  constitu tive relationship  

requ ires only a  m inim um  num ber o f  param eters, w hich can all be 

found using standard  laborato ry  tests.

2 M O D E L  F O R M U L A T IO N

T h e p ro p o sed  m odel (A N P E T A L ) is based  on the  critical s ta te  

co n cep t fo r soils, Schofield and W roth  (1968). T he m ajor 

fea tu res are  an em pirical yield locus, w ith a non-associa ted  flow  

ru le and an iso trop ic  hardening rule. P rio r to  yield th e  soil is 

m odelled  using  small strain non-linearity.

2.1 Ela s tic ity  b ehaviour

E xperim ental observations indicate th a t the  shear m odulus G  is 

p roportional to  th e  m ean norm al effective stress p", e.g. A llm an 

and A tk inson  (1992). It has been postu la ted  th a t a t small strains 

(i.e. fo r overconso lidated  stress sta tes) the  shear m odulus is a 

function  o f  m ean norm al effective stress, p', overconso lidation  

ratio  (O C R ) and shear strain, 6S. A  typical stiffness-strain  curve 

fo r a  clay soil is show n in F igure 1. A t very  small strains (phase  I) 

th e  tan g en t shear m odulus o f  soil is thought to  be  constan t, Gmax,
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fo r  a  given O C R  and p1, up to  a dev iato ric  strain  o f  approx im ately  

10"5. B eyond  a  shear strain o f  10"5 and up to  approx im ately  I O'2, 

the  shear m odulus gradually  decreases accord ing  to  a logarithm ic 

function  (phase  II). Finally the  soil reaches the  yield su rface and 

th e  shear m odulus decreases further, although  a t th is stag e  the  

b ehav iou r is dom inated  by plastic straining and th e  m agnitude o f  

th e  shear m odulus is less im portant. T he follow ing equations have 

been suggested  by B o lton  e t al., (1994) fo r the  m odelling  o f  

phases I and II o f  the  shear m odulus-strain  curve. T he constan t 

shear m odulus at very small strains G max, can  be  calculated  from:

=  A .p '(no).O C R mo (1)

w h ere  A, no and m o are  soil param eters derived from  triaxial

tests . A sim ilar relationship has been assum ed for the  behav iour in
5 2

th e  range o f  shear strain  betw een  es =  10 ' to  10 ' , namely:

G  =  B .p '(n).O C R m.e,r (2)

w here  B, n, m and r a re  soil param eters similar to  th o se  g iven  for 

equation  (1). Only th ree  sim ple triaxial tes ts  are  requ ired , using 

small strain  m easurem ent, to  find the  above param eters.

T he behav iour in th e  elastic dom ain  o f  the  p ro p o sed  m odel 

is calcu lated  using  the  equations (3 ) and (4), and th e  shear 

m odulus, G , is assum ed to  vary accord ing  to  equations (1 ) and

(2). T h e  increm ental elastic shear strain can be found from:

d es
dq

3G
( 3 )

w h ere  dese is th e  increm ental elastic shear strain , and dq the 

increm ental change in deviatoric  stress.

T h e  increm ental elastic volum etric  strain  is calcu lated  from  

equation  (4), w hich is derived from  the  relationship fo r a sw elling 

line:

dev =

P 'O  +  eo)

dp' ( 4 )

w here  deve is th e  increm ental elastic vo lum etric  strain , k  is the  

slope o f  th e  sw elling line in e:lnp' space, e0 is th e  void  ra tio  a t the  

beginning  o f  the  increm ent and p1 is the  m ean norm al effective 

stress.

C om parisons o f  yield envelopes o f  recently  deposited  (post 

glacial) clays from  the  litera tu re  have been m ade by bo th  G raham  

e t al. (1988), and D iaz-R odriguez  e t al. (1992). All o f  these 

displayed stress-strain  behaviour th a t could  be expressed  in the 

fo rm  o f  unique yield envelopes, norm alised w ith  respec t to  in-situ 

conso lida tion  pressure, a vc' T he com parisons ind icated  som e 

v aria tion  in th e  shape o f  these envelopes and it w as postu la ted  

th a t th is w as due to  d ifferences in m ineralogy and in in-situ O C R  

values o f  th e  clays. G raham  et al. (1988) a ttem pted  to  red u ce  this 

variability  by fu rther norm alising q using M=6sin<t>'/(3 -sind)') and p' 

by (l+ 2 K o )/3 . This did p roduce  a  concen tra tion  o f  th e  data, 

particularly  in th e  q direction , bu t som e variation  rem ained in the 

reg ion  o f  low  norm alised p' values. H ow ever, the  yield envelopes 

w ere  sufficiently close to  postu la te  the  existence o f  a  unified 

envelope  th a t m odels the  m ajority  o f  these  data. G raham  et al. 

(1988) also concluded  tha t the  sym m etry o f  yield envelopes 

a round  th e  Ko consolida tion  line that is observed  in s:t' p lo ts is 

generally  n o t observed  in q:p ' p lo ts o f  the  sam e data.

T he cu rren t study has a ttem pted  to  prov ide a  m odel that 

can  describe the  yielding behav iour o f  a  w ide range o f  natural soft 

clays. T h e  yield envelope o f  th e  p roposed  m odel (A N P E T A L ) is 

assum ed to  be  the  ro ta ted  and d isto rted  shape show n in F igure

(2). A lthough  the  envelope is o rien ta ted  a round  the  Ko 

conso lida tion  line, it can be seen that it is no t sym m etrical about 

th is axis. T he expression  fo r this yield function is:

2.2 Yield and fa ilu re

F ( 0 ) =  (q - t l0 .p ') 2 +  J (0 ) .p 2 .ln (— ) 2

P
( 5 )

w h ere  ri0 defines th e  ro ta tio n  o f  the  yield locus, ( t |o =  qo/po'), Po' 

is a  harden ing  param eter defining th e  size o f  th e  yield locus and 

J(9 )  is a function  contro lling  the  stress ratio  q /p ' a t critical sta te  

dependen t up o n  the  L o d e  angle 0.

C o nstitu tive  m odels developed fo r the  descrip tion  o f  the 

yielding behav iour o f  aniso tropic  clays have tended  to  assum e 

th a t sym m etry  in axisym m etric stress space exists (e.g . D afalias, 

1987). T he observations o f  G raham  et al. (1988) ind icate  th a t this 

is n o t th e  case  fo r yield envelopes o f  natural clays. F igu re  (2) 

show s a com parison  betw een  th e  p roposed  m odel (A N PE T A L ), 

th e  m odel o f  D afalias and th e  observed yield poin ts fo r W innipeg 

clay (G raham  et al., 1983). O n the  com pression  side o f  th e  Ko 

conso lida tion  line, bo th  yield envelopes are  sim ilar and co rre la te

F igu re  1. Typical stififhess-strain relationship for 

a clay soil

F igu re  2. C om parison  o f  D afalias m odel, A N P E T A L  

and observed  yield envelopes fo r W innipeg clay, 

(afte r G raham  et al., 1983)
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reasonably well w ith  the  observed data. H ow ever, be low  th e  K<, 

consolida tion  line th e  D afalias yield envelope is far less accura te , 

as is particularly  evident a t low  stress ratios. T h e  A N P E T A L  

yield envelope p roduces a m uch b e tte r corre la tion  w ith  the  

observed d a ta  in th is region. T he equation  fo r th e  D afalias (1987) 

yield envelope  is show n below  in equation  (6); no te  th a t a  M ohr- 

Coulom b failure surface has been assum ed fo r bo th  m odels, thus 

Me =  3,M c/(3+M c).

F (0 )=  (q - t i0 . P ' ) 2 + p2 (p '-H ,)(M 2 -■n2 ) (6 )

w here M  tak es th e  value o f  Me in com pression  and M e in 

extension.

T he value o f  friction angle o f  W innipeg clay is <J>-17.5° (see  

F igure 2), w hich  is qu ite  low  fo r a  clay soil. T he m ajority  o f  clays 

fall in the  range o f  23° to  30°; how ever, the  lite ra tu re  show s th a t 

yield envelopes have been identified fo r clays w ith  <)>' values 

varying from  17.5° to  43°. F igures 3(a) to  3(c) show  th e  yield 

envelopes pred icted  by A N P E T A L  for O ttaw a  clay (M itchell and 

W ong, 1975), B o thkenna r clay (Sm ith et al., 1992) and M exico

observed yield envelopes fo r O ttaw a  clay 

(after M tc h e ll  and W ong, 1975)

F igure  3(c). C om parison o f  A N PE T A L  m odel and 

observed  yield envelopes for M exico City clay 

(a fte r D iaz-R odriguez  e t al., 1992)

C ity  clay (D iaz-R odriguez  et al., 1992), w ith values o f  <(>' o f  27°, 

34 and 43 respectively. In each case, the  com parisons w ith  the  

o b served  da ta  poin ts show  reasonably go o d  corre la tions, and 

certain ly  m ore accu ra te  than  those  o f  curren tly  available 

co nstitu tive  m odels.

T he function  J(9 ) is defined using the  follow ing expression:

J (9 )  =  ( ^ ) + ( b ' a ) ' Sin(9) (? )

w h ere  a =  M cfM c-rio), b =  Me(Me+T|0), Me and Me are  th e  ra tios 

o f  q /p ' a t critical s ta te  in triaxial com pression  and ex tension  

respectively.

T he yield envelope o f  A N P E T A L  is p lo tted  using the 

reduced  dev iato ric  stress tenso r (q-T|0p') in norm alised stress 

space  in F igu re  4. T h is show s th e  variation  o f  th e  yield envelope 

shape w ith  L od e  angle (i .e. the  effect o f  the  in term edia te  principal 

stress, CT2'). T he  m odel is constrained to  fit to  the  M ohr-C ou lom b  

failure surface, bu t could ju s t as easily be constrained  to  fit the 

von-M ises failure surface by assum ing M c=M e in the  function  J(0 ) 

above. A pplication  o f  this m odel is no t necessarily  lim ited to  

struc tu ra l an iso tropy  from  K<, consolidation, although  this w ould

F igure 3(b). C om parison  o f  A N P E T A L  m odel and 

observed yield envelopes fo r B othkennar clay 

(after Sm ith e t al., 1992)

P'/Po

Figure 4. V ariation  o f  yield envelope w ith  L ode 

angle, fo r W innipeg clay
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be th e  m ost com m on application in engineering practice. D ifferent 

fo rm s o f  an iso tropy  can  be  accom m odated  by changing th e  value 

o f  th e  param eter T|0 to  the  appropria te  constan t stress ratio  during  

consolidation .

I t is ev ident from  m easurem ents o f  plastic strain  increm ent 

v ec to rs  (e.g . G raham  et al., 1983; W ong  and M itchell, 1975) th a t 

th e  norm ality  condition  does no t apply to  som e natural clays. 

T hus th e  A N P E T A L  m odel assum es th e  follow ing non-associa ted  

flow  rule, fo r th e  prediction  o f  increm ental p lastic strains:

deg

d e j

( t t0 -TT)

nOi-a0)-  J'(0)
(8)

w here  t |  is th e  curren t ratio  q /p1, desp and devp are  th e  p lastic 

increm ental shear and vo lum etric  strains respectively. T he 

param eter ot<, defines th e  ro ta tion  o f  th e  plastic po ten tia l su rface 

in stress space. I f  cto tak es the  sam e value as T|0, then  th e  m odel 

assum es th a t p lastic flow  is associated . T he p aram eter J'(Q) is 

defined in th e  sam e fashion as J(0 ) in equation  (7), excep t t | 0 is 

su bstitu ted  by th e  value o f  cto.

T o  ensu re  sim plicity o f  the  curren t m odel fo rm ula tion  the  

yield envelope is assum ed to  harden  in a  purely iso trop ic  fashion, 

w ith  no  ro ta tiona l o r  kinem atic hardening occurring  during  p lastic 

straining. H ow ever, the  resu lts show n in Section  3 seem  to  

ind icate  th a t th is m ay be  unnecessary  due to  th e  shape o f  th e  yield 

envelope  and any subsequent stress reversal behav iour m ay be 

accom m odated  using changes to  th e  behav iour assum ed in the  

elastic  dom ain.

2.3 A niso trop ic  state b ound ary surface

T he co rrespond ing  stable sta te  boundary  surface fo r th e  p ro p o sed

m odel is g iven by th e  equation:

il = ±J J(9).
2 . ( r ~ e -  X .ln p ')  

(X-K>
+ v  + n - n 0 (9)

w h ere  T  is th e  reference volum e fo r the  critical sta te  line, e  is the  

vo id  ratio , X and k are  the  slopes o f  th e  norm al conso lida tion  and 

sw elling lines in e:lnp ' space and y  has the  value (M -ri0) /J(0 ).

It can  be  seen th a t this expression  is very  sim ilar to  that 

p ro p o sed  by A tkinson e t al (1987) fo r an iso tropically  

conso lida ted  Spesw hite  kaolin  clay. T he form  o f  th e  surface  is 

sim ilar to  th a t o f  th e  original C am  Clay m odels, b u t is ro ta ted  

around  th e  Ko conso lida tion  axis. T he relation  betw een  the  

critical s ta te  param eters is given by:

N  =  T  +  (X-k ).\j//2 (10)

T his show s th a t the  reference volum e for the  cu rren t norm al 

conso lida tion  line (N ) is a  function o f  bo th  the  m ineralogy o f  the  

clay and th e  curren t anisotropy. T his has been observed  

experim entally , w here  th e  values o f  N  fo r iso trop ic  and 

an iso trop ic  struc tu ra l fabrics fo r th e  sam e m aterial a re  different, 

(e.g . A tk inson  e t al., 1987).

3 E V A L U A T IO N  O F M O D E L

3.1 Pred ic tions o f  the b ehaviour o f  O ttawa c lay  

M itchell and W ong  (1975) conducted  an extensive labo ra to ry  

investigation  on  undisturbed b lock sam ples o f  a  post-g lacial clay 

from  S outh  o f  the  R ideau R iver in O ttaw a, C anada. T his deposit 

is typical o f  sensitive cem ented  clays from  the  C ham plain S ea  area  

o f  E aste rn  C anada. Experim entally  observed yield po in ts from  th is 

investigation  are  show n in F igure  3(a). P a rt o f  th e  assessm ent o f  

th e  A N P E T A L  m odel has been by predicting  th e  resu lts o f

F igure  5. C onstan t stress ratio  p robes on O ttaw a 

clay, w ith  A N P E T A L  and D afalias yield envelopes

labo ra to ry  stress path  tests, such as th o se  in th e  above 

investigation . P a r t o f  the  p rocess o f  identifying th e  yield envelope 

fo r th e  O ttaw a  clay involved conducting  constan t stress  ratio 

p robes, such as th o se  show n in F igure 5 ( t |= 0.55 and t |= -0 .23) . 

F igu re  5 also show s th e  yield envelopes p red ic ted  by the 

A N P E T A L  and D afalias m odels fo r O ttaw a clay.

T h e  critical sta te  param eters assum ed fo r th is m aterial are 

X =0.23, k = 0.03 , r= 2 .5 8 , M c = l.l  and M e=0.8. O bservations 

m ade o f  p lastic  strain  increm ent v ecto rs fo r th is clay indicated 

th a t th e  norm ality  condition  w as no t obeyed. F igure  6 show s the 

stress ratio  against observed  increm ental strain  ratio  (desp/d e vp) 

T his is show n w ith  the  flow  ru le o f  th e  D afalias m odel and the 

p ro p o sed  m odel, w ith  Oo=0. F o r th is case  th e  flow  ru le (equation  

8) devo lves to  th a t p roposed  by O hm aki (1979) fo r isotropic 

reco n stitu ted  clay and tak es a  similar form  to  th a t suggested  by 

M itchell and W ong (1975). F igure  6 show s th a t a  m uch better 

co rre la tio n  is ob tained w ith  the  A N P E T A L  flow  rule than  w ith 

th e  D afalias flow  rule, suggesting  th a t th e  p lastic poten tial surface 

is m uch b ro ad e r than  assum ed by th e  D afalias m odel. A t high

O ttaw a  clay, w ith  D afalias and A N P E T A L  predictions 

fo r com parison
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stress ra tio s bo th  m odels are  less accurate , indicating th a t p lastic 

shear strains w ould  be  over p redicted  in these regions.

In th e  absence o f  data , the  param eters fo r the  non-linear 

small strain  equations (1 ) and (2 ) have been assum ed to  be  the  

sam e as th o se  fo r Spesw hite  kaolin  clay, (V iggiani, 1992). T hese  

w ere found from  iso trop ic  com pression  and sw elling triaxial tests. 

B ender elem ents w ere  used  on the  sides o f  th e  sam ples to  

m easure th e  small strain  behaviour. T he follow ing values have 

been assum ed: A =1964, no=0.65, m o=0.2 , B = 0 .71 , n=0.8 , 

m =0.23 and r= -0 .65 . B oth  m odels (D afalias and A N P E T A L ) are 

assum ed to  have small strain  non-linearity  w ithin th e  yield 

envelope.

T he resu lts o f  predictions o f  the  constan t stress ratio  probes 

show n in F igure  5, a re  show n in F igures 7 (a) and 7(b). F igure  

7(a) show s a  com pressive stress p robe conducted  at a  constan t 

ratio  T| o f  0 .55 . This value is th o u g h t to  be c lose to  th a t fo r Ko 

consolidation. P red ictions o f  the  stress-strain  behav iour have been 

m ade using  th e  A N P E T A L  (show n w ith  a  solid line) and D afalias 

(show n w ith  a  d o tted  line) m odels. T he observed  stress-stra in  

behaviour is show n w ith  the  square sym bols in F igu re  7(a).

C om parison  o f  th e  experim ental resu lts and the  p red ic tions 

indicates th a t bo th  m odels predict th e  yield po in t accurately , 

w hich is purely  due to  the  ro ta tion  o f  the  tw o  m odels ab o u t th is 

Ko conso lida tion  axis. B o th  m odels pred ict a  so fter initial 

response than  w as observed  in the  laborato ry  tes ts , w hich is 

probably due to  th e  cem entation  o f  th e  soil particles. S ince the  

test w as conducted  a t a  constan t stress ratio , the  stress-stra in  

curve should  con tinue  w ith the  sam e gradient, once  yielding has 

occurred. T h is is seen in bo th  o f  the  p red ic ted  stress-stra in  

curves. H ow ever, th e  grad ien t o f  the  A N P E T A L  p red ic tion  is 

m uch c loser to  th e  experim ental data, w hich is d u e  to  a  m ore 

ap p ropria te  shape fo r the  plastic po tential su rface in th e  region o f  

the yield envelope.

F igure  7 (b) show s an extension  stress p robe  conducted  at a 

constan t ra tio  t |  o f  -0 .23. Again, predictions o f  th e  stress-strain  

behaviour have  been m ade using th e  A N P E T A L  (show n w ith  a 

solid line) and D afalias (show n w ith  a  d o tted  line) m odels, w ith  

purely iso trop ic  hardening. A n additional stress-stra in  curve 

show n w ith  a  dashed line, is the  D afalias m odel p red ic tion  

assum ing com bined ro tational and iso trop ic  hardening. T he 

prediction  show n in F igu re  7 (a) assum es no ro tationa l hardening 

o f  the  D afalias m odel will occur, since the  m odel is already 

orien tated  a round  th e  K<> consolida tion  line.

F igure 7(a). P red ic tions o f  constan t stress ratio  

com pression  te s t on  O ttaw a  clay

ex tension  tes t on O ttaw a clay

T he A N P E T A L  m odel prediction  o f  the  stress-stra in  curve  

co rre la te s  reasonably  well. H ow ever, th e  D afalias m odel 

p red ic tions are  bo th  very inaccurate. T he narrow ness o f  th e  yield 

envelope  in th e  region below  the  Ko consolida tion  line ensures 

th a t yielding is pred icted  to  occu r well befo re  the  stress  ratio  

observed  in th e  labora to ry  tests. A lso, th e  shape o f  th e  p lastic 

po ten tia l su rface is less ap p ropria te  and these tw o  aspects 

com bine to  p roduce  over predictions o f  shear strain. T he 

ro ta tiona l hardening o f  the  D afalias surface w as assum ed to  

red u ce  th e  axis o f  orien tation  to  a  constan t stress ratio  t | 0 o f

0 .275 , b u t th is did no t have any appreciable effects on the  

p red ic ted  stress-strain  behaviour. It is n o tew orthy  th a t the  

observed  stress-strain  curve  show s a  changing grad ien t, w hich 

m ay indicate som e form  o f  ro tational hardening o f  th e  plastic 

po ten tia l su rface during  th is stress probe. This w as also observed  

by L ew in (1973) during  constan t stress probes on an initially 

an iso trop ic  clay.

3 .2  Disc ussion o f  results

M any soft natural clays have been affected by post-depositional 

p ro cesses th a t im part th e  m aterial w ith  special featu res, such as 

high sensitivity o r  brittleness. T hese can be  g rouped  into stress 

and chem ical history, tim e related  changes and fabric changes. 

T his leads to  th e  type  o f  behaviour dem onstrated  by m aterials 

such as B o thkennar clay (Sm ith et al., 1992) th a t displays a 

p rog ressive  b reakdow n in th e  initial struc tu re  follow ing stressing  

beyond  th e  initial bounding envelope. T he co ncep t o f  this 

transition  b etw een  sedim entary and intrinsic sta tes w as in troduced  

by B urland  (1990).

D uring  th e  developm ent o f  the  m odel, the re  has been  a 

determ ined effort to  retain  som e degree o f  sim plicity, w hilst still 

a ttem pting  to  accurately  describe the  characteristics o f  natural 

so ft clay yielding behaviour. D esp ite  the  inclusion o f  non-linear 

small strain  theory  in the  elastic dom ain, the  initial stress-strain  

response  pred icted  is no t particularly  accurate. This aspect o f  th e  

m odel requ ires fu rther study, a lthough th is w ould  be  at th e  

expense  o f  fu rther com plication o f  the  m odel. Indeed, in the  

p rev ious section  linear iso trop ic elasticity m ay have been equally 

as accu ra te  for m odelling the  response o f  O ttaw a clay in the  

p rev ious section.

H ow ever, th e  prediction  o f  the  stresses at yield has been 

dem onstra ted  to  be  quite  accurate. W hen com pared  to  o th er 

m odels, especially at low  stress ratios, the  p red ictions show  

m arked  im provem ents. T he proposed  yield envelope has been 

d em o n stra ted  to  predict yield envelopes o f  m aterials w ith  a w ide
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range o f  friction angles. This becom es increasingly difficult w ith  

m odels such as that p roposed  by D afalias, since the  envelopes 

ten d  to  becom e very  narro w  at high friction angles. T hus the  

response  to  stress p robes in the  region below  th e  K<, conso lida tion  

line becom es m ore and m ore extrem e. T hus the  m odel can  be 

seen  as e ither a represen ta tion  o f  a geologically  young  soft clay, 

th a t has not experienced th e  effects o f  post-depositional 

p ro cesses o r  th e  initial bounding envelope o f  an geologically  o lder 

clay, w here  the  ‘y ield’ behaviour is caused  by the  b reakdow n  o f  

th e  fabric, such as, the  b reaking o f  cem entation  b o nds in O ttaw a  

clay.

4 C O N C L U SIO N S

This pap er has p roposed  the  use  o f  the  A N P E T A L  constitu tive  

m odel fo r describ ing  the  stress-strain  behav iour o f  natural soft 

clays. T he fo llow ing points can be sum m arised from  th e  study 

p resen ted  herein:

• A  constitu tive  m odel, know n as the  A N P E T A L  m odel, has 

been  developed  w hich  has an em pirical yield locus ro ta ted  

a round  th e  Ko consolida tion  line and a  non-associa ted  p lastic 

po ten tia l function. It has been dem onstra ted  th a t p red ic tions 

using  th is m odel co rre la te  reasonably well w ith  th e  resu lts o f  

labo ra to ry  tes t da ta  and significantly closer than  sim ilar 

p red ic tions m ade using the  m odel developed by D afalias.

• T h e  p roposed  m odel has been dem onstra ted  to  accurately  

p red ic t yield envelopes o f  m aterials w ith  a  w ide ran g e  o f  

fric tion  angles. T he m odel can  be  seen as e ither a 

rep resen ta tion  o f  a geologically  young clay o r  th e  initial 

bounding  envelope o f  a geologically  o lder clay th a t has 

experienced  th e  effects o f  post-depositional processes.
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