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A constitutive relationship, know n as the C A R M EL m odel, has been developed to predict the behaviour o f  anisotropically  consolidated clay. C hanges in 

induced anisotropy during loading can be m odelled by the proposed relationship. This enables it to be used for the prediction o f  strains resulting from large 

stress reversals, during w hich the anisotropy o f  soil evolves. The model has been used to predict the behaviour o f  tw o types o f  kaolin clay during large 

reversals o f  deviatoric stress. C om parisons o f  observed and predicted behaviour are m ade. Since the m odel is based on the principles o f  Critical State Soil 

M echanics a direct com parison w ith predictions using M odified Cam  C lay have been conducted. R esults o f  the c om pan ions  show the C A RM EL model 

provides im proved predictions.
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INTRODUCTION

C onstruction activ ities and the service conditions o f  structures can som etim es 

result in zones o f  the  adjacent soil being subjected to large reversals o f  stress. 

Such loading can be a single cycle, such as excavation followed by 

construction, o r caused by repeated m onotonic loading. To reliably predict 

the  response o f  soil to stress paths containing large reversals suitable 

constitu tive m odels are required. D escribed herein is the application o f  a 

constitu tive  m odel, based on the concepts o f critical state soil m echanics, for 

the prediction  o f  th is  type o f  stress path.

A  constitu tive  m odel - know n as the C A R M EL m odel - (D avies and N ewson, 

1992) has been developed to describe the stress/strain  behaviour o f  

anisotropically  consolidated  soil. A nisotropic consolidation leads to the 

form ation  o f  an inherent anisotropic fabric and thus an anisotropic stress 

strain  behaviour, e.g. N adarajah and Parry (1974). The application o f  a  long 

stress path in w hich the ratio  o f  deviatoric stress to m ean norm al effective 

stress (q /p ') is varied  can result in a change in the nature o f  the anisotropy o f  

the soil as induced anisotropy evolves. Stress path triaxial tests conducted to 

develop  the  p roposed m odel indicated that for sm all stress probes there was 

little evidence o f  a  change in anisotropy, N ew son, (1992). How ever, when 

large stress paths w ere applied subsequent stress probes revealed a  change in 

the degree o f  anisotropy. S im ilar observations have also been reported by a 

num ber o f  o ther w orkers e.g. S tipho (1978). A n . im plication o f  these 

observations is that during long loading paths not only does the degree o f  

an isotropy o f  inherently  anisotropic so ils change but a lso  inherently isotropic 

soils can develop  anisotropic constitu tive behaviour. W hen attem pting  to 

p red ict a large stress reversal, therefore, the evolution o f  an isotropy during 

previous loading  paths m ust be considered. In this paper prediction o f  the 

response o f  both initially  isotropic and anisotropic consolidated soils w ill be 

considered.

PROPOSED CONSTm mVE MODEL

The proposed m odel is based on the critical state concept for soils, Roscoe, 

Schofield and  W roth (1958). T he m ajor features are an em pirical yield locus,

a theoretical plastic potentiar function, originally derived by D afalias (1987) 

for an associated  anisotropic m odel, and an isotropic and rotational hardening 

rule. The yield locus and rotational hardening rule w ere obtained from stress 

path triaxial tests conducted by Bondok (1989) and N ewson (1992). The 

experim ents revealed non-associated behaviour and the plastic potential 

function w as selected to agree with the observations. Prior to yield the soil is 

m odelled  as a linear elastic  m aterial.

Fig. 1. The C A R M EL yield  locus and plastic potential

The yield and  p lastic  potential functions are plotted together in Fig. 1. The 

plastic  potential show n in the  figure represents yielding at point A; the plastic 

strain  increm ent vector at that point is also shown. The yield locus is a  rotated 

d istorted ellipse orientated  around the K 0  consolidation line, given by the 

function:

(1 -  ^  ).(q -  n „ -P')2 -  ( M -  ̂  {p0'-p')p'= 0 (1) 

w here T) = q c /  p 0\  w hich is the gradient o f  the K 0 consolidation line.
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Sim ilarly  the plastic  potential is also a rotated distorted e llipse, but in this 

case it is orien tated  around a constant stress ratio line ( r| = q /  p')  w hich has a 

gradient, a „ ,  h a lf  that o f  the K0 consolidation line. The expression for the 

plastic  potential is:

P '2 ~ P ' $  + W  - 2 . a c . q . p ' - a l . p ’. \ i ) / M 1 =  0  (2)

w here o ,  =  t | 0 /  2  and 3  is the value o fp  a t the apex o f  the plastic potential.

W hen applying this m odel the initial an isotropy need not necessarily  result 

from K0 consolidation; although this would be the m ost com m on application 

in engineering  practice. D ifferent forms o f  an isotropy can be accom m odated 

by change o f  the value o f  the param eter ti„ to the appropriate constant stress 

ratio during consolidation. Indeed, if  t|0 = o, which corresponds to isotropic 

consolidation, the m odel devolves to M odified Cam Clay.

The evolution o f  the param eter T] 0 w hich defines the rotation o f  the ellipses, 

is contro lled  by the follow ing experim entally  derived increm ental expression:

St1„ = ± [ l - ( Tl , / W ) 2 ]-6/ > * e x p ( r | , - T i , J . ( l - T i 4J  (3)

where,

bp* = 6(p '/p0% „

n, = stress ratio at start o f  increm ent

= ro tation  o f  ellipse a t start o f  increm ent 

= rotation o f  ellipse for one dim ensional consolidation

in w hich S(p' /p0' )>„ is the change in the ratio o fp'  to the value o f p'  at the 

apex o f  the e llipse, i.e. pa\  i f  only  isotropic hardening w ere to  occur during 

an increm ent o f  loading. Equation 3 is positive for increase \ nq and negative 

for decreases in q. The m odel is currently  form ulated in triaxial space andg is 

negative w hen lateral stresses are greater than axial stresses.

D uring anisotropic - or isotropic - norm al consolidation (w here the stress path 

is continuously  located a t the apex o f  the yield locus) i p '  w ill be zero. It 

therefore follow s from Eqn. 3 that 6t)° is equal to zero and there is no 

rotation o f  the yield locus.

q I

Fig. 2. Evolution o f  the C A R M EL yield locus

Figure 2 show s diagram m atically  the sim ultaneous rotation and expansion o f  

the yield locus during  plastic  straining. As the stress path m oves from point 

A, w hich coincides w ith the apex o f  the initial yield surface, tow ards C the 

y ie ld  surface both expands isotropically  and rotates such that w hen a t B 

(locus 2 ) the apex is at point X and at the end o f  the stress path (C  on locus 3) 

the apex is a t Y. T his represent a change in the state o f  the soil from its initial 

isotropic state to  one o f  anisotropy.

B ased on the  orig inal concept o f  sim plicity , the model requires only one 

independent param eter additional to those o f  the critical state fam ily o f  

m odels. In com m on w ith earlier m odels the extra  param eter, n„ . has a 

physical m eaning, i.e. the gradient o f  the K0 consolidation line in q:p' space. 

T he rotation o f  the plastic  potential surface, a „ ,  is a  function o f  ti„. Due to 

the double functioned nature o f  the m odel it is know n as C A R M EL, i.e. the 

CARdiff  M iltip le  £ £ lip se  m odel.

P R E D IC T IO N S  U S IN G  T H E  P R O P O S E D  M O D E L

Presented herein  are predictions o f  triax ial tests conducted on specim ens o f  

tw o types o f  kaolin  clay, viz: "Spesw hite" and "P300". T he specim ens w ere 

subjected to  large stress reversals resulting  from a  change in deviatoric stress 

(q) w hilst the m ean norm al effective stress (p1) w as held constant. Both 

com pression  and extension stages w ere conducted in each test. Both 

aniso tropically  and iso tropically  consolidated specim ens w ere tested, w ith 

loading proceeding  w ith e ither an increase o r decrease in deviatoric stress.

Predictions o f  these tests using  the proposed m odel are com pared w ith 

predictions using  M odified Cam  C lay, R oscoe and Burland (1968), w hich 

represents a "benchm ark" against w hich the C A R M EL m odel can be 

assessed. B oth m odels require the sam e m aterial param eters, since the 

C A R M EL m ode) is a  hybrid o f  M odified Cam  Clay. These w ere obtained 

from  standard  triax ial tests and are presented in Table 1.

T a b le  1. Soil m aterial param eters

Soil Type X K r M v n t,

Spezw hite 0.171 0.030 2.09 0.845 0.3 0.41

P300 0.096 0 .0 22 1.35 0.950 0.3 0.50

C om parisons o f  the  predicted  response o f  the  shear and volum etric strains 

w ith m easured values w hen specim ens o f  P300 kaolin , isotropically  norm ally 

consolidated to  a m ean norm al effective stress o f  200 kPa, are subjected to 

large stress reversals (A -B -C ) are show n in F igs 3 and 4. In  the  te st show n in 

Fig 3, I I ,  the deviatoric stress w as first increased to  a value o f  170 kPa and 

then loading reversed  to  a  value o f  -133 kPa. In the second test to  be 

analysed, 12, show n in F ig  4, the deviatoric stress w as initially  reduced to - 

170 kPa and loading reversed and the deviator stress taken  to a value o f  170 

kPa.

In both tests II and 12 for m uch o f  the first loading increm ent (A -B ) 

predictions o f  the shear strain  show  very good correlation w ith the observed 

data. H ow ever, tow ards the end o f  the increm ents, w hen substantial plastic 

strains have developed, in te st II both m odels overpredict shear strains - with 

C A R M EL producing  slightly  c loser com parisons. In test 12 C A RM EL 

underpredicts the observed behaviour w hilst M odified  Cam C lay  predicts 

substantially  greater shear strains than those observed. Predictions o f  the 

subsequent reversal o f  deviatoric stresses (B -C ) indicate that w hereas the 

C A R M EL m odel show s plastic  y ie lding occurs during  this increm ent
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Fig. 3. Observed and predicted behaviour - test 11 Fig. 4. Observed and predicted behaviour - test 12

Modified Cam Clay behaves elastically throughout. The resulting shear 

strains agree more closely with the experimental observations which indicate 

plastic yielding. The explanation for this is that whilst during the first loading 

increment the Modified Cam Clay yield surface expanded to increase the 

elastic domain substantially, the CARMEL yield locus evolved by both 

isotropic and rotational hardening and as a consequence ensured a smaller 

region of elasticity.

Volumetric strains were less well predicted by both models. During initial 

stages of the first loading increment both models predict similar behaviour. In 

test 11 the similarity in predictions was continued to the end of the increment 

but in test 12 Modified Cam Clay predicted greater volumetric strains. As has 

been indicated above, the Modified Cam Clay predictions do not include any 

yielding during the stress reversal hence no volume changes were predicted 

for the reversal stage. In contrast CARMEL predictions show volumetric 

strains continuing to increase following stress reversal. Although for both 

tests predicted and observed values are not in close agreement the 

experimental trends are correctly predicted by the CARMEL model.

The results of a large stress reversal test conducted on a specimen of 

anisotropically consolidated Speswhite kaolin clay are shown together with 

predictions in Fig S. In this test, A l, following anisotropic consolidation to a 

stress state of p ' = 396 kPa and q = 162 kPa the stresses were reduced to 

p ' = 365 kPa and q = 150 kPa resulting in a lightly overconsolidated 

specimen. Loading proceeded under constant p ' conditions by reducing the 

deviatoric stress (A-B) to q = -75 kPa which was followed by a reversal in 

stress to q = 300 kPa.

Comparison of the predicted and measured values of shear stress reveal that 

the CARMEL model predicted the initial hysteretic unload/reload loop whilst 

Modified Cam Clay did not. This was because the value of q at point B, Fig 

5(a), remained within the original Modified Cam Clay yield locus but lay 

outside that for the CARMEL model. Because the initial unload/reload loop 

lay within the Modified Cam Clay yield surface no volumetric strains were 

predicted by this model for this stage of the test. Volumetric strains were 

predicted by CARMEL following the trends of the experimental behaviour. 

On reaching the stress state at the start of loading, q = 150 kPa, (point A) the 

prediction using Modified Cam Clay indicated yield of the specimen. 

Isotropic hardening in the CARMEL prediction results in a slightly higher 

yield point of q = 200kPa during the reloading stage.
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Fig. 5. Observed and predicted behaviour - test A1

CONCLUSIONS REFERENCES

A model has been proposed which can represent the major features of the 

stress strain behaviour o f both iso tropically and anisotropically consolidated 

clay subjected to large deviatoric stress reversals. Predictions using the model 

have con-ectly indicated the onset of yielding and the development of the 

associated irrecoverable strains during large stress reversals. By contrast, in 

predictions using Modified Cam Clay - a model developed for isotropic soil - 

the formation of yield loci during initial loading results in the requirement for 

greater reversals in stress to be applied before yield occurs than was observed 

experimentally.

Predictions of shear strains using the CARMEL model are generally close to 

observed values. Although modelling the general trends o f the development 

of volumetric strains very well, the predicted magnitudes were less accurate. 

This highlights the complex nature of the coupling between isotropic and 

rotational hardening in the evolution of the yield locus and hence the plastic 

strain increment vector direction - since the orientation of the plastic potential 

is a function of the yield locus orientation.
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