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Abstract: The initial stresses existing in the natural ground are anisotropic in the sense that the vertical stress is typically larger than the
lateral stresses. The construction activities, such as embankments and excavation, induce anisotropy in the stress system. The stre
deformation behavior and excess pore water pressure response of soils are affected by the inherent and induced stress anisotropy. T
paper presents an improved soil model based on the anisotropic critical state theory and bounding surface plasticity. The anisotropi
critical state theory of Dafalias was extended into three-dimensional stress space. In addition to the isotropic hardening rule, rotational an
distortional hardening rules were incorporated into the bounding surface formulation with an associated flow rule. The projection center
that is used to map the actual stress point to the imaginary stress point was specified alkbpdjrteeénstead of the hydrostatic line or

at the origin of the stress space. A simplified form of plastic modulus was used and the proposed model requires a total of 12 materia
parameters, the same number as that of the single-ellipse time-independent version of the Kaliakin—Dafalias model. The model wa
validated against the undrained isotropic and anisotropic triaxial test results under compression and extension shearing modes for Kaoli
Clay, San Francisco Bay Mud, and Boston Blue Clay. The effects of stress anisotropy and overconsolidation were well captured by the
model. The time effect was not included in the formulations presented in this paper.
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Introduction put forward by Drucker and Pragéi952 and Drucker et al.
(1957. The plastic volumetric strain was used as a hardening

Cam-clay models, which are based on the critical state theory, parameter in the cap model.

have been developed to express the elastoplastic behavior of clay A significant development in constitutive modeling was

(Roscoe and Burland, 1968; Schofield and Wroth 19@®ey achieved when Dafalias applied his bounding surface concept to
were formulated in the triaxial[p—q) space using the well-  soils (Dafalias and Herrmann 1982; Dafalias 198fistead of a
known e—In p relationships(wherep, g, ande=mean effective classical yield surface, a bounding surface is defined in this model
stress, deviator stress, and void ratio, respectjvétythe original so that the actual stress is mapped to the imaginary stress on the

Cam-clay mode(Schofield and Wroth 1968the yield surface is  bounding surface. The distance between the real and imaginary
bullet-shaped whereas in the modified Cam-clay méRelscoe  stress is used to specify the plastic modulus of the actual stress
and Burland 1968 it is described by an ellipse. In both models,  states in terms of bounding plastic modulus. The bounding sur-
the yield surface is aligned along tpeaxis and hardens isotropi-  face theory allows a smooth transition of stress in an elastic state,
cally according to the lineae—In p relationships following an  within and on the bounding surface. The model is very relevant
associated flow rule. The cap modéiMaggio and Sandler  for simulating the behavior of overconsolidated cohesive soils.
1971; Sandler et al. 1976vas formulated in three-dimensional  The jsotropic, anisotropic, and time-dependent versions of the
stress space and has a curved failure envelope. It shows Improvepsynding surface model have been propoged., Dafalias and
ments over the Cam-clay model as well as the elastoplastic theoryparrmann 1982; Anandarajah and Dafalias 1985, 1986; Dafalias
and Herrmann 1986; Kaliakin and Dafalias 199The math-
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4Stanley-Thompson Professor, Dept. of Earth and Environmental (e.g., Anandarajah et al. 199éxists in the fabric structure where
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Table 1. Anisotropic Elastoplastic Model for Clays

Yield function/bounding Hardening Flow Plasticity
Reference Model surface rule rule theory
Schofield Original M p N q ~0 Isotropic Associated Classical
and Wroth(1968 Cam-clay "o P
Roscoe Modified q® lisotropic Associated Classical
and Burland(1968 Cam-clay P(P—Po) + IVE
Sekiguchi Ohta’s model P 3/s. s0\2 Isotropic Associated Classical
and Ohta(1977) (equivalent M In— + > 2 —”) =0
shear stregs Po P Po
Anandarajah Induced invariant . -2 5 (392 Isotropic, Associated Bounding
and Dafalias (|L|o)(|a+ R |o)+(R*1) %: anisotropic, surface
(1985 1986 distortional
Banerjee and Yousif1986 Experimentally 3 1 Isotropic, Associated Bounding
based — Sasa-f—g 0 |—p(pp—p)=0 anisotropic surface
2M2 IN] ngSJ j p pO p p
Dafalias(1987) Anisotropic o+ (g—pa)? —0 Isotropic, Associated Classical
critical state P(P=Po) M2—a2 anisotropic
theory
Crouch Unified _ [~ R=2 (j)z Isotropic Nonassociated Bounding
and Wolf (1992 model (- |o)(| + & |o)+(R* l)zm =0 surface
Whittle (1993 MIT-E3 (sij = Pajj) (Sij — Paij) — c?p(po—p)=0 Isotropic, Nonassociated Bounding
(equivalent anisotropic surface
shear stregs
stress system can be related to ithaitu stress conditions and/or Anandarajah and Dafalia€l985, 1986 and Liang and Ma
stress induced by subsequent sheafing., Ladd et al. 19%7K, (1992 introduced induced stress invariants based on the fabric

conditions prevail in the natural ground where vertical overbur- tensor to replace the corresponding stress invariants in the yield
den stress is typically larger than horizontal stress. It has to befunction of the modified Cam-clay model. The models were based
mentioned that even for a homogeneous and structurally isotropicon bounding surface plasticity. The isotropic, anisotropic and dis-
soil, shearing may induce anisotropic behavior in the stress-tortional hardening rules were used to describe the evolution of
deformation relationships. Experimental results have shown thatihe bounding surface as plastic strain develops. The projection
the yield surface for anisotropically consolidated clay tends to center of the bounding surface is set along the induced hydrostatic
align along theK, line (e.g., Graham et al. 1983The pore water e

pressure as well as the _stress—strain response of an _anisotropic_ally Dafalias (1987 proposed an anisotropic theory based strictly
C.C;DSOI'?atef? Claé’ Epeﬁlmgn_ulnder undra|negdshe§r\|/ng \I/lvere S190n the critical state concept. An anisotropic dissipating energy
nificantly affected by the initial stress ratiaadd and Varallyay measuremendé was introduced in the triaxial space. The theory

196';I'5h;e8(t:lrpi)tli1(?allss)$e and cap models are, however, valid for iso was generalized into three-dimensional stress space by assuming

tropic stress conditions and for normally to lightly overconsoli- 0‘; Vfro‘ij‘i"ijt/?’rv] W?S'Ch te;]xpressetis rt1hi?1 )'I/'Iello(ljeﬂjjan(;:IO: 'E (gertri?s of

dated clays, involving mainly monotonic loading. There have anisotropic tensofsee the equation In 1able. ena=9, the
function reduces to that of the modified Cam-clay model. Crouch

been several attempts to model anisotropic soil behavior by ex- .
tending the critical state soil models, as summarized in Table I. A 1d Wolf (1992 further introduced a constant shape parameter to
the yield function in order to control the tensile strength. Crouch

brief account of these modeling approaches is given below. . ; : ;
An anisotropic model for normally consolidated clay was pro- and Wolf (1995 generalized the model into three-dimensional

posed by Ohta and Hatd971). The yield surface degenerates to Stress space but no validation was presented. Both models of
the original Cam-clay model for isotropic conditions. In Ohta’s Couch assumed a constant shape parameter and did not consider

models(Ohta and Hata 1971; Sekiguchi and Ohta 1917e pa- distortional hardening. The models were also expressed with the
rameterq/p is replaced by normalized equivalent shear stress, bounding surface theory having the projection center at the origin
q=v3(S; /P = S0 /P0)(S; /P’ — S0 /PL)/2,  where S;= of the stress spgd@rouch et al. 1994 . .

deviatoric stress tensor and the subscript “variables relate to The MIT series of soil modelgWhittle 1993; Whittle and

past consolidation history. The function allows the yield surface Kavvadas 1994are extensions of the modified Cam-clay model.
to be inclined at the origin of the stress space at the start of The  equivalent  shear stress is defined ag
shearing. It does not rotate further with shearing, Pre(t878 = JS(S” — pa;jj) (S — pajj)/2, wherea;; =anisotropic tensor that
and Mroz et al.(1978 also presented an anisotropic model that changes with the plastic strain. Thus, unlike Ohta’s model, MIT
accounted for induced anisotropy, but it was based on the nestednodels allow rotation of yield surface during subsequent shear-
surface associated with a kinematic hardening rule. ing. In order to capture the critical state, a nonassociated flow rule
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was adopted. Thus the key features of the MIT-E1 model include =08, (1b)
an anisotropic yield surface, kinematic plasticity, and the captur- Iy

ing of strain-softening behavior under undrained conditions. Two Sij =Ei]- —EkksijIB (1c)

additional features were incorporated in the MIT-E3 model: small - -

strain nonlinear elasticity using a closed loop hysteric stress— S =S — o3 (1d)

strain formulation, and the bounding surface plasticity to model g

an overconsolidated clay behavior. a=SiSj/2 (e)
Banerjee and Yousif1986 proposed an anisotropic model B caca e

with the yield surface aligned along thé, line. The yield func- S=SiSiSki3 (1)

tion was developed from the experimental results. The isotropic _ 33/s.\® o

and anisotropic hardening rules were used. The isotropic harden- sin39= _( =a) ( - _<p= _) (19)

ing rule used in the model was the same as that of the modified 2 \Jq 6 6

Cam-clay model, whereas the anisotropic/rotational hardening

rule was expressed as an empirical function that captures the criti- X (e_) _ 2k (1h)

cal state of soils. 1+ k—(1—k)sin BEXC

This paper presents a generalized constitutive model for aniso-

tropic cohesive soils using the concept of bounding surface plas- k=Xe/Xc (1)
ticity and the critical state concept. The main features of the pro- xe=f(M¢,a,R) 1))
posed model include a function for the bounding surface,

hardening rules, plastic modulus, mapping rule, and constitutive Xe=f(Mg,a,R) (1K)
equations. The model is verified with the test results of Kaolin

Clay, San Francisco Bay Mud, and Boston Blue Clay. The time- f(M,a,R) = l[Za(R71)2+ M=o

dependent behavior is not included in the formulation presented 2

herein. + VA (R-1)2M + (M—a)?] (1)

Formulations o= /30‘2% (1m)

The model is a modification of the Kaliakin—Dafalias model —_—— = = = — i . o
(Kaliakin 1985: Kaliakin and Dafalias 199®ut the bounding ~ Wherel, Sy, Sj, Ja, Sa, and6 =first stress invariant, deviatoric
surface is based on the extended anisotropic critical state theoryStreSS tensor, reduced deviator stress tensor, reduced second stress
(Dafalias 1987. Meanwhile, the rate effect is not included in this mvanam, reduced third stress |r.1va.r|ant, and reduceq Lode angle,
paper. Associated flow rule is used in the proposed model so that'espectively. A superposed bar indicates that the variables are re-
it is computationally less sophisticated than the kinematic models, /ated to the bounding surface. Parameters oj;, M, and
while the most important features of anisotropic soil behavior can R=anisotropic measurement, anisotropic tensor, slope of critical
still be captured. Note that the plasticity model with nonassoci- state line in triaxial space, and shape parameter, respectively, and
ated flow rule does not satisfy Drucker’s postulate, thus the re- oij —Kronecker data.

sulting solution may not be unique. Note that the anisotropy in- 1€ anisotropic tensors;; are expressed through a constant
volved in the formulation focused on the initial and induced stress Ao With the initial stress states

anisotropy. Structural anisotropy due to soil fabric structure is not SIO-

part of the proposed formulation. cxioj :Aop—J (29)
0

Bounding Surface S} =01~ Podij (2b)

In the bounding surface theorly, is defined as a function of the  With the initial stress ratid& o= o 3/019, the anisotropic tensors
stress tensors;; and plastic internal variables),. That is, are given as follows:
F(oi;,dn)=0. The bar over the stress quantity denotes an image

0_o,0 0_ 0__10 0_ 0_ 0_
point on the bounding surface. The real stress pojptvithin the ap=2K", opp=ag=—kK,  ap=a=a=0 (%)

bounding surface is related to the image stress pﬁ'pbn the 1-K,

bounding surface through a mapping rule. The direction of plastic k°=AOW (2d)
loading—unloading is defined as the gradienfaddt oj; . A rela- 0

tion between the plastic modulus, and a bounding plastic For isotropically consolidated specimelig= 1.0, thusk®=0.
modulusK, is established as a function of the Euclidean distance For theK,-consolidated specimeAy=0.65—1.0(e.g., Liang and
8 betweencs; ando;; . Ma 1992.

In this study, the bounding surface is obtained by extending R controls the shape of the bounding surface. In this proposed
the critical state concept of Dafalia§1987 into three- model, R is considered to vary with volumetric strain. A flatter
dimensional stress states, and dependent on the reduced Lodghape is obtained by increasing the valu®oihenR s equal to
angle through a functiog. That is, 2, the surface degenerates to that proposed by Dafdli&?).

The surface also exhibits a unique property not available in ex-
F(oy) o 1|01R):(|__|0)<|_+ R—2 |o) isting anisotropic models such that at the end of anisotropic con-
R solidation, the stress state is at the right tip of the yield surface

- [Fig. 1(@)]. That isl 4/3 is the largest mean effective stress the soil
0 (13) element has experienced aft€y consolidation, whether it is in

a
X127 the state of neutral loading or unloading.

+(R—1)2
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Fig. 1. Anisotropic model:(a) bounding surface an¢h) mapping
rule

The normal to the bounding surface at its intersection with the
critical state line is parallel to thd axis. Thus the bounding
surface allows an associated flow rule to be used for determining
the direction of plastic strain rate, while also predicting the criti-

tude of plastic straifsee Eqs(6a) and (6b)]; () = Macaulay
brackets which implies thgL)=L if L>0 and({L)=0 if L<0;
F=analytical expression for the bounding surface; Bj)d= gra-
dient of plastic potentiake, andl, (wherel ;= 3p,) =initial void

ratio and preconsolidated stress conditidpsis used for compu-
tational stability at low value of so thate versusp relationship
changes from logarithmic to lineébafalias and Hermann 1986

Its value is typically assigned as one-third atmospheric pressure.

Rotational/Anisotropic Hardening Rule

The rotational rate of the bounding surface is controlled by the
evolution of the anisotropic tensor. Experimental resiés.,
Morgenstern and Tchalenko 1967; Mitchell 19#@vealed that
the rate of anisotropy is influenced by the stress increments but
not by the absolute value of the stress. If an anisotropic specimen
is sheared continuously, the initial anisotropy may be erased.
Also, a saturation state is obtained at the critical state so that
isotropic and anisotropic specimens exhibit the same behavior.
The following expression is used to accommodate for such aniso-
tropic behavior:

cal state for strain hardening soils. The approach is less sophisti-

cated than MIT models, for example, which adopt a nonassoci-
ated flow rule combined with an additional failure curve for
predicting the failure state.

Hardening Rules

The isotropic, rotational/anisotropic, and distortional hardening
rules are used to control the size, rotation, and distortion of the

Al)\ <L>Rkk (4a)
where
3
Ay= q” exp( b2y |(1+p)(x) (4b)
1.0- J 4
=({1.0- —— I
S N (40)
OLij s
p=——Rj] (4d)
20
Rij = sRmdmmdij
s mnOmnOij
Rij= IR (4e)

whereys; andy,=positive constants. Paramefgr=slope of the
critical state line inl —J stress space anh, is introduced to
normalize Eq(4b). Parameteé is used to capture the anisotropic
saturation for generalized stress conditions and a heavily consoli-
dated specimen and accounts for the change in the loading

bounding surface. The hardening equations are expressed for thelirection with respect to the anisotropic tengénandarajah and

associated flow rule.

Isotropic Hardening Rule

The bounding surface expands, contracts, or remains unchange
in size depending on the plastic volumetric strain rate. The evo-
lution of I, is determined from the following equations:

1+eg
|o:ﬁ(<|o_|L>+|L)<L>Rkk (32)
Ri=9ijRjj (3b)
- JF
R'J 80‘” (30)

where\ andk are obtained from the slope of the primary com-
pression and swelling lines in thee-In p relationships of isotro-
pic consolidation;L= loading function that governs the magni-

Dafalias 1985, 1986 For proportional loading path§f} 0, so

the rate of anisotropyc'x”-) is equal to zero. Also, at critical state,
8/|||:N, thusdij =0.

Distortional Hardening Rule

R is a parameter used to control the ratio b¥ersusl in the
bounding surface. The following equation is adopted from Anan-
darajah and Dafaliatl985, 1986 in accounting for distortional
hardening:

<L>Rkk

+
R=Ay—02 - (52)

ll’lllfs&( exp{ l1’2| |(1+p)0l (5b)
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Bounding Plastic Modulus whereb, r, andd are defined earligiig. 1(b)].

. The projection center is also an internal variable. By substitut-
The proposed model obeys the associated flow rule. Therefore thgng the isotropic and anisotropic hardening rules into the deriva-

yield function also serves as the plastic potential function. The tjye of above equation, the evolution of the projection center be-

plastic strain rate is determined as comes
. oF . 1 1+eo —
el =(L)— (6a) oﬁ=§C )\_K[(('0_|L>+|L)(0Lij+5ij)+Alsﬁ]<L>Rkk
aGij (8d)
L 1 0F . 1 oF . (6b) The change of the bounding surface with the internal variables is
e S Y
K, 90, g K, d07; 1 shown in Fig. 1a).

where L, Kp, and Kp=plastic loading index, and the plastic

moduli at current stress state and image stress states, respectivel
Substituting the hardening rules and loading index into the The total strain rate is assumed to be composed of two parts:

consistency conditions, the bounding plastic modulus is obtainedelastic and plastic. That is

as

gonstitutive Equation

. . aF
_ 1+e oF aF — Sijzsﬁ+sﬂ=cijk|0k|+<|->5;‘ 9)
Kp=— 5= | (o= 1D 15 + A5 —S] 1
0 " whereC;; =fourth order tensor of elastic compliance. The asso-
oF ciated flow rule is assumed which with the above presented ex-
+A2ﬁ Ry (7a) pressions gives
The plastic modulus is related to the bounding plastic modulus oF oF 1 oFf 1
. . . . T___Bij+_= SIJ__BUOLHSﬁ
through the following relationships: doy; ol 2J, 03, 3
—  1l+4eg 5 \W
Kp:Kp+ N—k paRinii(<r_Sb>) (7b) \/5 oF| 1 3 SgSa
" 23acos@ 90 |3, KK 2 2%
where the variableb, s, r, andd are illustrated in Fig. (). They a a a
are used to relate the actual and image stress points, and to define 2 5. (32
the extent of elastic nucleus, radial distance, and Euclidean dis- I S | "8qa_aa & (10)
tance in the stress space, respectivply=atmospheric pressure. 3 332|227 Tk

W=positive constant which is introduced to replace the param- The normal to the bounding surface is decomposed into hy-

etershe, N, andzused in the plastic modulus of earlier versions drostatic and deviatoric components. The elastoplastic constitu-
of the bounding surface model. The comparison as presented sub- P : P

sequently showed that the accuracy of predictions is not sacrificedt've equation is thus expressed as

s?gnificantly by reducing the number of parameters in the expres- (}ij :2(3;9”. + (K- %G)ékkﬁij —(L)
sion.

X[2GR; +(K—3G)Rudj;] (11)
Mapping Rule whereK andG=Dbulk and shear moduli, respectively. Note tKat

is related tok as K=(1+e)p/x. The constitutive model was
In the proposed model, the projection center is formulated to implemented intoCALBRS8 (Kaliakin 1992 for simulating the
move along theK, line rather than at the origin ofJ stress response using a single element. Note that the simulation pre-
space. The image stress variables are related through the actualented here adopted a reformulated analfisesrmann 1965for

stress variables using the radial mapping . 1(b)]. That is undrained conditions using the bulk modulus of water, where the
stiffness of the composite material is due to a combination of
GSZ%C%(OLU +3ij) (8a) material skeleton and pore water. Since water does not transmit

shear, the stiffness of water is entirely due to its bulk modulus of

whereC (0=C=1)=material constaniC defines the point along compressibility

the K, line which serves as the projection center in the radial
mapping rule, thus it determines the mapped actual stress of the
bounding surface. It affects the dilation and contraction of soils,

. ) Parameters
but does not affect the material response for states lying on the

bounding surface. The elastic nucleus has the projection center aghe proposed model requires 12 material parameters as well as

its center of homology, thu€ affects the magnitude df,. ~ the initial stress state parametdes, Ay, po, and initial given
From geometry, the following relationships are used in relating components The parameters are related to critical state soil me-
current stress states to those at the bounding surface: qhanics()\, K, M¢, Mo, G,_ or v), b_ounding surface configura-
1=b(1—=Clg)+Cly: SP=bS: J.—bJ,: tions (R, C, 9, and hardenlng functlop(spl, b2, s, W).
( ) B 0 v S| a U \ andk are obtained from isotropic consolidation tests. They
S,=bS,; 6=6 (8b) may also be obtained from the compression and swelling indexes
(C. and C,) of one-dimensional consolidation tests wheve
b= r (80) =0.434C; andk =0.434C,. M, which may be different for com-
r—9 pression and extension tegtienoted adl. andM,), is obtained
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Table 2. Material Parameters for Kaolin Clay, San Francisco Bay from the slope of the critical state line or indirectly from the angle

Mud, and Boston Blue Clay

of internal frictiond. G may be specified as a constdabtained
from K andv) or a variable dependent on the stress levels.

Undrained stress path of the normally consolidated soil may be
used to obtain the initial value &, where 2.0 is a typical value.

C is obtained from the test results of lightly to highly overcon-
solidated specimens under undrained shearing.
s(1<s=<wx)=elastic zone parameter, wif+ 1 leading to inelas-

tic behavior at any point within the bounding surface ard~ or

any large value showing a purely elastic behavior within the sur-
face so that the bounding surface behaves like a classical yield
surface.

U1, U,, andisi; are obtained by best fitting the experimental
results, typically for the normally consolidated isotropic compres-
sion and extension tests, and then extended to the normal and
overconsolidated anisotropic tests.

The calibration is described subsequently for several types of
clay and compared with reported experimental results.

Validations

The model was calibrated and verified with three different types
of clay: Kaolin Clay(Stipho 1978, Boston Blue Clay(Ladd and
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o8l KAOLIN, K =0.667 I S0
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Fig. 2. Comparison of stress paths for Kaolin Clgg) K,=1.0, (b) Kq=0.8, (c) K;=0.67, and(d) K,=0.57
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Vallayay 1963, and San Francisco Bay Mu@onaparte 1981 ( )
The calibration of material parameters was based on the results of
isotropically consolidated specimens, so that the behavior of an-
isotropically consolidated specimens were predicted. Table 2 1.2

summarizes the parameters and their values. — L —
| BOSTON BLUE CLAY IC

1.0 : . | R
Kaolin Clay  ANISOTROPIC i N
The series of undrained shearing tests were conducted on isotro- 0.8 | 0
pically and anisotropically consolidated specimégtpho 1978 i
with the overconsolidation rati®OCR) ranging from 1.0 to 8.0 0.6 5 0_‘0?3 u®
for isotropic tests and 1.0—4.0 for anisotropic te#tg=1.0, 0.8, r / e (3
0.67, and 0.57under triaxial compression and extension condi- 04 b4
tions. The value of initial void ratie, was between 0.94 to 1.07 - / s
while the preconsolidation stregg, was between 357 and 408 ° 0.2 ”~
kPa for isotropically consolidated tests and 204 kPa for anisotrop- & - ué
ically consolidated tests. Note that these tests were stress con- 0.0 = ;’:\
trolled and the failure state may not be properly captured. Several - m e/A Model
researchers have used the results for verifying their constitutive -0.2 ,ée“
models (e.g., Anandarajah and Dafalias 1986; Banerjee and L ("\
Yousif 1986; Liang and Ma 1992 In the validation here, the 0.4
values of traditional critical state parameters were based on the i 9 \ |
isotropic test resultéStipho 1978. The surface configuration pa- 0.6 Experiemental Results.......]
rameters(R and S) were obtained by best fitting the stress paths T (Ladd 3 Va\réllyay 1:965) |
and stress—strain response of isotropic, lightly overconsolidated 0.8 ) . AR AN
specimens with OCR1.2. C was calibrated from the isotropic, )
highly overconsolidated specimens at O€R0. The hardening 00 02 04 06 08 10 12
parameterglys;, U,, ;) were calibrated from normally consoli- (b) p'/po
dated specimens #&,=0.8 for both compression and extension
conditions. Fig. 5. Comparison of stress paths for Boston Blue Clég): K

Figs. 2a—d show the comparisons for the stress paths ob- =1.0 and(b) K,=0.534
tained from the tests and model simulations. The comparisons for
corresponding deviatoric stress and excess pore pressure versus
strain response are shown in Figéa3h. The results determined  experimentally and also predicted by the model. For specimens
from Kaliakin—Dafalias’ model atk,=1.0 and Anandarajah- consolidated isotropically with moderate overconsolidation ratio,
Dafalias’ model aK,=0.8 and 0.667 are also shown. The model such as OCR?2 or less, the stress path shows a reductiop in
was able to predict the response over a wide range offrom until it reached the critical state line. For isotropically consoli-
0.57 to 1.0 and OCR(from 1.0 to 8.0. dated specimens with high overconsolidation ratio, such as

There were some notable differences between the behavior ofOCR=5 or above, the stress path gave an abrupt increasg in
isotropically and anisotropically consolidated tests as observedwith little change inp until it passed beyond the critical state line,
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i I ANISOTROPIC | cess pore pressure at high OCR and under extension mode was
1.2 H BOSTON BLUE CLAY also predicted by the proposed model. The strength anisotropy in
- ‘ : compression and extension modes was also captured.
0.8 BTG The results of predictions indicated that the model using a
i Moael It?:mmbn'b':' B o oPg s simplified form of plastic modulus did not result in significantly
a 04+ Ve : different results for normally consolidated soils. The model gave
T L. Experiments . a better prediction for overconsolidated clays, especially at higher
0.0 _"\, ..................... (Ladd and Varallyay, 1965). OCR and extension mode compared to Kaliakin—Dafalias’ model.
L \ !‘/ | It also gave more satisfactory prediction for the anisotropic tests,
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Fig. 6. Comparison of stress—strain and excess pore water pressure

response for Boston Blue Clagg) K,=1.0 and(b) K,=0.534

and then an increase  until it touched the critical state line.
Such behavior of highly overconsolidated specimens was ob-
served at much lower overconsolidation in anisotropically con-
solidated specimens, such as that with GER The negative ex-

Fig. 8. Inherent anisotropy denoted by inclination of major principal
stress
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at high OCR, for the extension test compared to the results ob-o; was obtained as 30.4 kPa. The specimen was then consoli-
tained by Anandarajah and Dafali§t986 and Liang and Ma dated isotropically. The results showed that during the initial por-
(1992. tion of subsequent isotropic consolidation of specimens in Cases
2 and 3,Ae; was smaller tharde,. However, as the stress level
exceeded 1.8Ae;=Ae5 and the behavior resembled that of an
initially isotropic specimen. Thus, the proposed model is capable

Bonapartg1981) conducted a series of undrained tests on isotro- Of Simulating erase of memory for an anisotropically consolidated
pically and anisotropically consolidated specimens of San Fran- SP€cimen when subject to isotropic consolidation.

cisco Bay Mud. The initial void ratio was,=1.35 for all speci- )

mens. In these testq,=100, 353.16, and 130.8 kPa fot, ~ 'NherentAnisotropy

=1.0, 0.65, and 0.5, respectively. The results were limited to The_ simulation capa_blllty of the proposed model has been focusgd
normally consolidated specimens and for compression mode, thugn@nly on stress anisotropy. It has to be noted that the model is
some parameters related to OCR, suchVendC, were assigned ~ capable of modeling the inherent anisotropy of clay due to the
values similar to Kaolin Clay. In fact these two parameters did not different orientation of the direction of major principal stress with
affect the response significantly. The values of traditional param- the axis of depositiors [Fig. 8a)]. In fact, the compression and
eters were given by Bonaparte981). The series of isotropic test ~ EXt€nsion tests are two typical cases with 0 and 90°, respec-

results have been used extensively to verify constitutive modelsively. However, testing with other angles of inclination requires a
(e.g., Borja and Kavazanjian 198%ig. 4 shows the comparison special device such as a directional shear apparatus by applying

between the experimental and simulated results for the deviatoric@PPropriate shear stress after achieving anisotropic stress states

stress—axial strain and excess pore pressure—axial strain relationr19- 8(c)]. 8 may be controlled to be constant or to rotate during
ships. The simulations are considered satisfactory.

San Francisco Bay Mud

subsequent shearing. The tests with specially prepared specimens
having an inclined plane of depositidfrig. 8b)] do not allow
rotation of major principal stress.

Boston Blue Clay

Ladd and Varallyay(1965 performed a series of undrained tri- Summary and Conclusions
axial compression and extension tests on isotropically and aniso-

tropically (Ko=0.534 normally consolidated Boston Blue Clay. A constitutive model, based on the critical state concept and
The specimens were testedegt=0.84—-0.89 angb, ranging from — hounding surface plasticity, has been developed to simulate stress
273 to 785 kPa. The traditional parameters are given by Whittle gnjsotropy in clay. A simplified form of the plastic modulus was
(1993. Since no overconsolidated isotropic specimens Were ysed. The model considered isotropic, rotational, and distortional
tested, the parametevg andC were assigned with values similar - hardenings using a total of 12 material parameters as well as the
to Kaolin Clay and San Francisco Bay Mud. Figs. 5 and 6 com- jpjtia| stress states. The comparisons with test results of three
pare the results of simulations with the experimental results. Thetypes of clay under different stress and overconsolidation ratios,

solid and dashed lines show the predicted results for compressionyng under compression and extension modes, revealed the predic-
and extension tests, respectively. The closed and open points argye capability of the proposed model.

the experimental results for compression and extension tests, re- The model is limited to soils that do not exhibit significant
spectively. The predicted stress paths are satisfactory for the iSO-strain-softening behavior. Test results with careful measurement
tropic tests and anisotropic extension tests. The prediction for 5 excess pore water pressure under extension mode are required
anisotropic compression tests was less satisfactory because Ofgr fyrther validation. Since triaxial tests were used for calibration
strain softening behavior, which may be overcome with a kine- 4nq validation, additional work should be conducted to verify the

matic hardening approach like the MIT models. However, the model with other modes of shearing, and also with the boundary-
excess pore pressure was underestimated in the extension testggye problems.

though the experimental value seems extremely large.
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