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ABSTRACT

This study aims at developing a generalized elasto-plastic constitutive model for clays able to describe stress-strain
response, accumulation of permanent deformations, and excess pore pressure in monotonic and cyclic loading. This
constitutive model takes advantage of the nonlinear elasticity and bounding surface plasticity concepts to mimic generation
of excess pore pressure and plastic deformation within the yield surface upon cycles of unloading and reloading during
cyclic excitation. The generalized formulation of the model also facilitates the prediction of multi-directional cyclic response
of the fine-grained material. Capabilities of the model are evaluated using the available experimental database on Boston
Blue Clay (BBC). The model is successful to mimic a wide range of monotonic drained and undrained stress paths as well
as the complicated cyclic response of clays. Implementation of the model in numerical packages will facilitate the simulation

of different boundary value problems under various loading conditions.

1 INTRODUCTION

In recent years both industry and regulatory bodies have
moved steadily towards replacing classical “safety factor”
design with performance-based engineering principles to
achieve an optimized and cost effective, yet safe, and
sustainable product. The challenge of predicting the
performance (i.e. deformation) of geotechnical structures
especially under cyclic loading should be handled through
realistic computational tools and comprehensive
constitutive models, which have been verified using the
case histories, physical models, and element tests. To
predict the response of sands under cyclic loading and to
mimic liquefaction, many constitutive soil models have
been developed and verified using the laboratory testing
databases as well as simulating centrifuge and shaking
table models. Application of some models has been fairly
established in practice through implementation in
commercial software packages [e.g. UBCSAND by Byrne
et al. (2004) and Beaty and Byrne (2011) as well as
PM4SAND by Ziotopoulou and Boulanger (2013)
implemented in computer program FLAC (Fast Lagrangian
Analysis of Continua, ltasca)]. However, developing
constitutive models to predict the cyclic response of
cohesive deposits is still in the development and
verification stages and the practical applications are not yet
well established. Practical implications of a reliable yet
simple constitutive formulation for clays with minimal
number of parameters are substantial: from applications in
seismic site response analysis and soil structure interaction
to landslide geohazards and seismic stability assessment
of geo-structures. The constitutive implementation will also
address the growing demand of the engineering
community for a predictive, yet simple constitutive model
for numerical simulation of cohesive deposits.

This study focuses on developing a constitutive
formulation to mimic the clay cyclic response. The main

formulation of our constitutive model is based on the
SANICLAY model (Dafalias et al. 2006). The model
formulation is then improved to predict the clay cyclic
response. The main intention of the developers of the
model has been to add minimal complexity and material
parameters to the model.

Generally, the choice of our constitutive model and its
features are guided by the following requirements. The
model must account for:

e monotonic and cyclic stress-strain response

e anisotropy to account for the effect of change in soil

fabric due to: inherent anisotropy (e.g. initial shear
stresses in sloping ground) and evolving anisotropy
(fabric change during loading and shearing)

e accumulation of permanent deformation in cyclic

loading (i.e. non-linear elasto-plasticity)

e generation of excess pore pressure during shearing

(i.e. effective stress based)

e multi-directional cyclic response to accommodate

multi-directional earthquake loading

2 BASICS OF THE CONSTITUTIVE MODEL

Our constitutive model is developed within the elasto-
plastic work hardening framework to address the main
aspects of cyclic soil response. SANICLAY (Simple
ANlsotropic CLAY) proposed by Dafalias et al. (2006) is
selected as the basis for this new model because of its
modular setup which lends itself to future modifications, the
accuracy in the predictions, and the minimal number of
parameters. Note that the triaxial mean and deviatoric

effective stresses are p=(0,,+20,,)/3 and g=0,-0,,

, While in multi-axial space p=(o,, +0,+0,)/3 and

g=+/1.58:8 where S=c-pl.



2.1 Overview of SANICLAY

Built on the premises of the critical state soil mechanics,
SANICLAY after the initial of ‘Simple ANIsotropic CLAY’, is
the generalized from of the Modified Cam Clay (MCC) to
account for the inherent and evolving anisotropy. Dafalias
et al. (2006) introduced SANICLAY in multi-axial stress
space. The main objective of the model is to predict the
response of sensitive clays with sufficient accuracy with
minimal number of parameters and complexity. The model
introduces three easy-to-calibrate parameters in addition to
the well-established five constants of the well-known MCC.
SANICLAY is a rate-independent model, which predicts the
response of soft (normally and lightly over-consolidated
clays) with satisfactory predictions.

SANICLAY formulation uses the incrementally,
linearized theory of rate-independent elasto-plasticity.
Similar to MCC model, the elastic part of the formulation is
calculated based on the isotropic hypoelastic formulations.

Flow rule in SANICLAY is non-associated in which the
yield surface (f) and plastic potential (g) are two different
elliptical surfaces. Plastic potential is a distorted and
disoriented elliptical surface (Fig. 1) to account for the
effect of initial anisotropy, which is basically used to obtain
the amount and direction of the plastic deformation. Eq. 1
shows the equations for plastic potential surface in triaxial
and multi-axial stress spaces:

g =(q-pa)’* - (M* —a?)p(p, —p) =0
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Figure 1- SANICLAY model surfaces in triaxial stress
space [reproduced from Dafalias et al. (2006)]

a defines the inherent anisotropy and appears as a
scalar-valued slope in the triaxial (g-p) space (Fig. 1) and
as a tensor (a) in multi-axial space. The evolving
anisotropy is also defined by the evolution of q, i.e. the

rotation of a line and plastic potential. pa determines the
size of plastic potential and corresponds to the value of p
at gq=pa (Fig. 1). M is the slope of the critical state line in
deviatoric/mean effective stress space (the critical state
ratio) based on the Mohr-Coulomb failure criterion and
equals to critical state ratio in compression (Mc) for n > a

and critical state ratio in extension (Me) for n<a.

Dafalias et al. (2006) used a distorted and disoriented
elliptical yield surface similar to the plastic potential:

f=(a-pB)* —(N*~B*)p(p, —p) =0

(2]
f:%(S—pB):(S—pB)—(NZ —%B:B)p(po—p):o

As shown in Fig. 1, po and B define the size and
orientation of the yield surface. N is a material parameter
and similar in nature to M, but the same in compression
and extension.

Hardening rules, describe the evolving process of the
internal or state dependent variables of the model (po, a,
B). The isotropic hardening or the evolution of po
(expansion and contraction of the yield surface) is the
same as the MCC:

b = ()P, = <L>[1A+_i)[2$
b= (0, =0 5% o 2

e is the initial void ratio. A &@) Kk are model
parameters and represent the slope of normal compression
and unloading/swelling lines in the e-In(p) space. L, the
plastic multiplier or loading index, indicating the quantity of
the plastic deformation. The expression uses L, within the

Macauley brackets ( > . Also tr means trace of the matrix.

Dafalias et al. (2006) introduces three basic
requirements for the yield surface and plastic potential:

(3]

(1) Under constant stress ratio n, a must approach
n/x, with x as the model parameter. This requirement is

the key to successfully predict Ko (coefficient of at-rest
earth pressure) or 1/Ko line and could be satisfied if a=0
for a=n/x in the triaxial space; this is achieved by making

evolution of a or & dependent on the |n—xa| in the

hardening rule formulation. To generalize this requirement
in the multi-axial space, |n—xa| is replaced with this

expression: /1.5(r —xa): (r —xa) .

Parameter x could be determined through analytical
equations with the assumption of a=0, which is
approximately correct for undrained compression stress
path of normally consolidated clay under Ko, condition
(CKoUC). Details of how to obtain the above expression
can be found in the original paper (Dafalias et al. 2006).

(2) This requirement indicates that by approaching the
critical state, the rate of surface rotation and kinematic



hardening should decrease gradually to zero. Thus, a is
made proportional to the distance of the current a to its

bounding “image” i.e. (a®—a). In the triaxial space
a®=M=M,

extension. Details of implementing this requirement in the
multi-axial setting are presented in the original paper.

in compression and o =-M=-M_ in

Cc

(3) The third requirement is imposed to satisfy the
concept of critical state, in which all state dependent

parameters should “freeze”, (i.e. d,B or d,B in multi-axial

setting should be zero) at critical state. Similar to isotropic
hardening, this requirement is satisfied by making the
evolution of hardening variable dependent on the

volumetric plastic strain €l =(L)|eg/ op| );

however, to avoid the rotation of the surface in opposite
direction for the case of \n\ >M and negative volumetric

increment (

plastic strain increment (€% <0 ), the absolute value of

increment, is used in the formulation. Note that, the
deviatoric plastic strain could still change.

These three requirements form the basics of the
kinematic hardening rule in triaxial stress space as below:

a=(L)a- <L>[1A+jjc(ﬂ ‘;g In—xal(e® —a)

nix>a=ao =M, [41

n/x<a=a=-M

e

C is the model parameter, which controls the rate of
rotation of the surface (i.e. rate of hardening) and becomes
influential on the response for stress paths with a large
range of change in stress ratio (e.g. the undrained Ko
normally consolidated triaxial extension or CKoUE test).

The hardening law for the yield surface uses the same
three requirements:

(1) For any drained radial path with a constant stress
ratio (n or r = constant), the first requirement is satisfied

with B =n in triaxial and B =r in multi-axial space.
(2) The second restriction, which limits the evolution of
the hardening variable is addressed by defining the

bounding surface of B° = +N in the triaxial domain, so that
B < ‘Bb‘ =N (Fig. 1). In the multi-axial setting, the bounding
surface is defined as f, =1.58" : B —N?.

(3) The third requirement, which is the zero change in
the yield surface rotation at the critical state, is similarly
satisfied by incorporating the volumetric plastic strain
increment in the hardening expression.

Combining the three requirements, the hardening
relation for yield surface in triaxial space is as below:

BT o

n>B=p* =N;n<B=p"=-N

(3]

The details and formulations of hardening rules in the
multi-axial space can be found the original paper.

The loading index (L) determines the value of the
plastic strain increment, while the gradient of g, i.e. normal
to the plastic potential (0dg/de ) indicates the direction of

the plastic deformation. In classical plasticity, consistency
condition (f =0) is used in combination with the hardening

rules (expressions in Egs. 3 and 5) to obtain the loading
index (plastic multiplier) in triaxial and multi-axial settings:

1(of . of . 1 2 2\ ;
L:&(apwaqq}:&p[m %)+ 2(n-B)a] .

Kp — _1[8fpo +af[3} = p|:(N2 —Bz)ﬁo + 2(q_poB)B:|

L op, B

1(ef  V_ 1 2 3\ —B): S
L_&[%.cj_Kpp[(N 2r.r)p+3(r B)-S}

1( of = of =
Kp—_L(apopo‘FﬁﬁﬁJ— 7]

IO[(N2 —gB :B)P, +3(S—pol3)iﬁ}

2.2 Limitations of SANICLAY and required
modifications

As indicated by Dafalias et al. (2006), one of the main
aspects of the model is its simplicity and the developers’
intention has been to introduce minimal complications in
the formulation. Dafalias et al. (2006) and Nouri (2013)
evaluated the model for available databases for clay.
SANICLAY is performing well in predicting the response of
normally consolidated (NC) clay; As the model uses the
elliptical classical yield surface with elastic response within
the surface, the quality of the simulations for over
consolidated (OC) clays deteriorates. The model does not
mimic the cyclic response since no plastic strain and
excess/negative pore pressure is generated within the yield
surface. The idealization of the non-linear hysteretic
unload-reload behavior by linear elasticity also leads to
softer stress-strain response in comparison with
experimental results especially in strains less than 1%. The
model over-predicts the undrained shear strength for OC
clays which is due to the limitations associated with the
elliptical yield surface for high OCR values and stress path
on the dry or supercritical side of the yield surface (n?>>M3).
As such, implementing some modifications in the
formulation of SANICLAY is inevitable.

23 Modifications of SANICLAY
2.3.1 Distorted lemniscate yield surface

Comparison of model predictions with the measured data
(Dafalias et al. 2006, and Nouri 2013) indicates that
adoption of elliptical yield surface will over-predict the
failure stresses significantly on the dry or supercritical side
of the yield surface (high OCR values). Model developers
have proposed different methods to overcome this issue
(Hvorslev 1937; Anandarajah and Dafalias 1986). Pestana
and Whittle (1999) adopted the distorted lemniscate based



on the experimental data by Georgiannou et al. (1991). Fig.
2 compares the isotropic and anisotropic shapes of the
elliptical yield surface for MCC or isotropic SANICLAY with
the isotropic and distorted lemniscate. The shape of the
surfaces are so much different in the supercritical region in
compression shear mode, which eliminates the drawback
of the elliptical surface.
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Figure 2- Comparison of elliptical yield surface with
lemniscate (Pestana 1994)

We adopted the anisotropic lemniscate as the yield
surface after some modifications in the original formulation

(Pestana, 1994). The formulation in the triaxial and multi-
axial stress spaces is as below:

f=m—psf—c%2p—(§J J:O [8]

¢ =N? +B% —2nB
f=2w—pm:w—pm—¢&(r(p]]=o

3
¢ =N+ >B:p=3n:p

9]

The lemniscate yield surface is described with two
model parameters of N and m. N is the slope of the lines
tangential to the sides of the yield surface at the origin. This
parameter controls the aperture of the surface. Parameter
m is also used to characterize the shape of the curve,
however for the sake of simplicity and also to keep the
number of parameters minimal, constant m is fixed as 0.5
in this study. po quantifies the size of the yield surface and
corresponds to the mean effective stress at stress ratio of
n =B . The application of this surface in the model is limited

to the yield envelope and the plastic potential is still the
anisotropic ellipse. Calibration of constant N is done using
the same procedure in SANICLAY, through the trial
predictions for undrained triaxial compression response of
the Ko-consolidated clay (CKoUC). By changing the yield
surface, the gradients which determine the loading index
(plastic multiplier) will also change.

2.3.2  Non-linear elasticity formulation

The proposed constitutive model in this study uses the
same methodology developed by Whittle and Kavadas
(1994) in MIT-E3 model to formulate non-linear elasticity
and the perfect hysteretic loop. The loop is characterized
by a piecewise continuous formulation with smoothly
varying stiffness in between the two subsequent stress
reversal points for unload-reload response of consolidation
test using @ variable:

p prev
W = max| —, e
[prev p J [101
K = p(1+e,)
K,(1+0) (1)
5 =Dn(Iny)""’

As shown in Fig. 3, p,, is the mean effective stress at

the reversal point. Kk, characterizes the small strain

stiffness right after stress reversal point (i.e. g =1, and &
=0) and therefore calibrated with the small strain stiffness
or shear wave velocity. D and n are material parameters
which describe the swelling response in 1D or isotropic
consolidation test and could be calibrated by trial
predictions to find the best fit for the unloading or swelling
measured data (Fig. 3). Whittle and Kavadas (1994)
generalized the formulation to account for effect of shear
stresses to develop the hysteretic loop:

& =Dn(ny +y, )"
Y, = \/[w(r -rrev) : w(r "My )]

[12]

Y, is the measure of deviatoric distance of the current

state from the most recent reversal state of stress. r and
r., are stress ratios at the current and the last reversal

stress points. Whittle and Kavadas (1994) also introduced
w tensor (wi) as an input parameter. The diagonal
components are wi =w and the off-diagonal components
are equal to wij =4w to better capture the simple shear
response. This parameter basically controls the deviatoric
non-linear behavior. w could be calibrated using the shear
stress-strain for stress paths which encompasses a wide
range of change in shear stress ratio (e.g. CKoUE).

In order to define the stress reversal point (SRP) in the
elastic realm, a scalar stain amplitude parameter, y, is
introduced through the following expressions:

.| M¢,Be, for de, 0| (>0 loading
XX = =

Mg :8g, for de, =0/ |<0 unloading [13]

where "¢, and “g_ are the volumetric and deviatoric
accumulated strain with respect to the last stress reversal
state (e, =¢,-¢,,., and Yg,=¢_-¢

v,rev s,rev )
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Hydrostatic Compression

2.3.3 Plastic strain within the yield surface

The experimental evidence indicates that the linear and
non-linear elastic region are much smaller in comparison
with the single yield surface, which implies the occurrence
of plastic strain and excess pore pressure within the single
yield surface. We used the concept of bounding surface
plasticity to simulate the behavior of cyclic soil response.
This concept has been widely used in many models due to
its simplicity and less complicated geometrical rules in
comparison with other approaches like the multi-surface
method (Dafalias and Herrmann, 1986; Whittle and
Kavadas, 1994; Pestana and Whittle, 1999).

Basic idea of the concept is defining a bounding surface
corresponding to NC clay. For any stress state within the
yield/bounding surface a loading surface is defined
homothetic to the bounding surface as shown in Fig. 4:
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Figure 4- Schematic illustration of the lemniscate
bounding surface plasticity

Plastic behavior at the current stress point anywhere
within the bounding surface is linked to the plastic response
of the corresponding image point on the bounding surface
(i.e. the response of NC clay). As shown in Fig. 4, the
image point of any stress state is determined using the
radial mapping, by connecting from the fixed or anchor

point (origin in Fig. 4) to the current stress point on the
loading surface. The transition from the pure elastic
response, right after stress reversal, to plastic behavior on
the bounding /yield surface is characterized by the distance
of the current and image points and the mapping rule.

Formulation of the constitutive model in the present
study introduces two separate mapping rules. The
formulation of the mapping rule for the flow direction in
multi-axial stress space is expressed as below:

2
P—(1-g,P'+P°g, [pJ
p

0

2
P, =(1-g,P, +Plg, [po'NC ]
p

0
Po

P, =PlwhereP? =0
: (p' -p JV
9= (91 )v = %
Po —Po
¥ = exp[ €, (%, +E0u0q) | [14]
€y = 2 |dE]

€0nq = 2.|dE7| = %Z trace(de? : de?)

P, = trace (@J )

P.:Q,

(s:9)

o) op
Ps':a—g—ltrace[agj _ %
oc 3 oc 0S
Q's:ﬁ—ltrace[ﬁjlza—f
oc 3 oo 0S

where P} and P; are the volumetric and deviatoric
flow directions at first yield (i.e., first loading for stress
states within the bounding surface), while P, and P! are

the volumetric and deviatoric flow directions at image point
on the bounding surface. g1 is the mapping function which
is formulated based on the size of the first or initial loading

surface, p‘O , current loading, p, , and the bounding surface
plasticity p'O . The mapping function of g1 satisfies two main
requirements: (1) At the first yield surface right after stress
reversal (p, =p, ), 91=1.0 to simulate the elastic response
(P =P°). (2) For the stress state at the image point on the
bounding surface plasticity (p, =p) ), g1=0.0 to simulate
the plastic response of NC clay (P =P'). Ponc is the size

of bounding surface before the first unloading. €, is a

dimensionless material constant which controls the amount
of residual plastic strain generated at the end of each cycle.
Calibration of this constant is done using the unload-reload
path in the consolidation test, using several trials to obtain



the best fit to the reloading path with the best prediction for
the residual plastic strain. This parameter is also the key
factor affecting the soil cyclic response.
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Figure 5- Calibration of &, using unload-reload
consolidation test for Boston Blue Clay (BBC)

The mapping rule for the elastoplastic modulus is also
described using the following equations:

1.58:8S
(°l)’

ol

2
K, =K +Kko—3 | Po
P p(g1'—1-0)[P'o

|
1
Ke p<e>(1p}
K Po

| —
e
o1 ler) +5(0 @)

[P = (B + 2 (pi: )

(18]

At the first or initial yield surface right after stress
reversal (p, =p.), g,' function becomes equal to 1.0 and
the mapping function in this equation yields to infinity (
g,'7(9,'-1.0)=), which corresponds to very large
elastoplastic modulus (K = o« ), zero plastic multiplier, and

zero plastic strain increment. At the image point on the
bounding surface plasticity (p, = p., ) the mapping function

becomes equal to zero, which leads to elastoplastic
modulus at the image point K, = K'p .

3 MODEL EVALUATIONS FOR BOSTON BLUE
CLAY (BBC)

We used the comprehensive experimental database on
BBC to evaluate our constitutive model. The low plasticity
BBC (CL in unified classification) is primarily composed of
illite and quartz with the liquid limit of 42%, plasticity index
of 19%, and 53.5% clay fraction. This moderately sensitive
marine clay was deposited in the Boston Basin during the
Pleistocene glaciation (Pestana, 1994).

Table 1 summarizes the 12 model parameters required
for prediction of BBC response in multi-axial stress space.

Table 1- List of the model constants for BBC

Parameter Role description BBC Me_thod_ of
estimation
A compressibility of NC clay 0.184
non-linear volumetric swelling . .
. 25 K, or isotropic
D,n and perfect hysteresis 16 consolidation
response test
irrecoverable plastic strain for 250
& unload-reload cycle
v Poisson’s ratio 0.26
Konc: for NC clay K, or isotropic
Konc OF x: saturation limit of anisotropy ~ 0.48  consolidation
X (under stress paths with 2.16 test
n=qg/p=constant)
maximum elastic 0.001 Shve;(';gf ve
Ko compressibility factor : Y
measurement
Mo M slope of critical state line for 1.348 CKoUC/
© ¢ triaxial compression/ extension 0.932 CKoUE
N shape of the yield surface 1.62
rate of rotational hardening for
C yield and plastic potential 4.0  undrained shear
surfaces test
small strain non-linearity in 0.3

shear

Nouri (2013) evaluated the proposed model for a wide

range of monotonic stress paths:
undrained compression and extension

Ko and

Isotropic
triaxial tests

(CKoUC/E, CIUC/E) on NC and OC BBC, undrained
compression and extension plane strain (CKoUPSC/E)
and simple shear test (CKoUDSS) on NC and OC BBC,
and multi-directional direct simple shear (MDSS) test on
NC BBC. Capabilities of the model to simulate cyclic
response were also evaluated. Model evaluations for
limited stress paths will be presented in this paper and the
reader is referred to Nouri (2013) for comprehensive model
verification.

3.1 Undrained triaxial: CKoUC, CKoUE
Fig. 6 compares model predictions with measured data on

undrained triaxial compression and extension of the Ko-
consolidated resedimented BBC (Sheahan 1991) for OCR



values of OCR=1, 2, 4, and 8. Comparisons are made for
the normalized effective stress path and deviatoric stress-
strain curve to evaluate the model performance in
predicting the development of the pore pressure, undrained
shear strength at small and large strains, as well as the
generated strain during monotonic triaxial loading. Note
that the effective stress path is presented in

(oyy—crxx)/Zcryymax vs. (0, +0,)/20,, .. space (MIT

is the maximum vertical stress

yy,max

during consolidation.

notation), where o

04
Effective stress paths $=33.4°
03 ' @%
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Figure 6- Model predictions for BBC, CKOUC/E: (a)
effective stress path (b) stress-strain curves

Predictions for CKOUC/E for NC clay are fitted to the
measured data when calibrating parameters C, N, and w
constants. The remaining simulations for OC clay are all
prediction, based on the calibrated constants.

Model predictions for effective stress path are in good
agreement with the experimental data for both extension
and compression tests especially for OCR=4 and 8.
Replacing the classical yield surface with bounding surface
plasticity has also resulted in generation of plastic strain as
well as the negative pore pressure generation for dilative
OC clays within the bounding surface, which is in good
agreement with the measured data. A smooth stress-strain
response is obtained, after using the bounding surface
plasticity.

Taking advantage of the non-associated flow rule, the
model predicts the softening contractive response of NC
BBC subjected to compression and hardening response in
extension. Transition from the softening brittle response of
NC clay with high initial shear obliquity to ductile hardening
behavior of OC clay due to low initial shear stress ratios is
well described by the simulations. In general the proposed
constitutive formulation offers good predictions for the
strain levels of €a=0.001-2%.

3.2 Undrained simple shear: effect of initial shear
stress

Fig. 7 compares the effective stress path and stress-strain
response of the experimental data and simulations for the
undrained simple shear test on Ko-NC samples with
various initial consolidation shear stress. The shearing is
applied parallel and opposite to the direction of the initial
consolidation shear, expressed as downslope and upslope
shearing respectively. Ladd and Edgers (1972) used the
CKoUDSS to investigate the effect of initial shear stress on
NC state response. The applied initial stresses of

Txy/O" =0.1, 0.2, and 0.3 could represent the soil

yy,max
element in sloped ground with inclination angles of about
5, 10, and 15° respectively prior to monotonic loading. The
model satisfactorily captures the shear induced excess
pore pressure due to the contractive response of the NC
clay and the undrained shear strength mobilized at
horizontal plane for both upslope and downslope shearing.
However, the stress obliquity and the undrained shear
strength are over-predicted for samples of higher initial

shear stress (e.g. T, /o = 0.3). The large strain critical

yy,max
state shear strengths are also slightly over-predicted for
down-slope shearing with increasing difference for higher
initial stress ratios, while the upslope critical undrained
shear strengths are accurately predicted at strain levels of
10%. Overall, the model well describes the transition of
brittle downslope response of samples with high initial
shear stresses, to ductile hardening response of samples
under upslope shearing.

3.3 Undrained cyclic simple shear

Malek (1987) carried out a number of undrained cyclic
simple shear tests on normally and lightly over-
consolidated BBC with consolidation shear stresses (

1,/0, ) to evaluate the effect of consolidation history

yy,max
on BBC cyclic response. All the tests were done at the
frequency of 0.1HZ with different cyclic shear ratios (

CSR=1,, /0, where o is the maximum vertical

yy,max yy,max



consolidation stress). Development of shear strain and
accumulation of the shear induced pore pressure are the
main contributing factors to the failure of soils under cyclic
shearing. Fig. 8 compares the normalized induced pore
pressure as well as the shear strain versus the number of
cycles for normally consolidated specimens under different
(Cyclic Stress Ratio) CSR with no initial shear stress.
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Figure 7- Model predictions for undrained simple shear
test on NC BBC: effect of initial shear stress on response
(a) effective stress path (b) stress-strain curve

All the predictions over-estimate the generated positive
excess pore pressure since the proposed model has a rate
independent formulation with input constants calibrated for
the monotonic shearing rate much lower than cyclic
loading. The rate of shearing does not have a dramatic
impact on the response of OC clays, while it significantly
affect the behavior of lightly over-consolidated (OCR<1.5)
and NC clays. Thus, modification of the model formulation
to account for rate effect on the response is necessary
future developments.

In spite of the pore pressure over-prediction in the initial
loading cycles, the model gives satisfactory simulations of
the pore pressure accumulation especially for high values
of cyclic excitation, since the number of cycles to fail the
sample are reasonably predicted for CSR= 0.175, 0.145,
and 0.115. However, model performance deteriorates for
smaller cyclic loading (CSR=0.10) which requires larger

number of cycles to induce failure and reach the critical
state. The same trend is observed for developed shear
strain with the number of cycles. Higher cyclic loads lead
to faster development of stress strains and failure in less
number of cycles which is well described by the model
especially for CSR=0.175, 0.145, and 0.115. Note that the
over-prediction of the shear strains in the initial loading
cycles is similarly due to the shearing rate effects. In
general, the model is providing reasonable predictions for
the cyclic response.

Nouri (2013) has conducted model evaluations for
cyclic simple shear of OC BBC and NC BBC with initial or
consolidation shear stress.

=4
©

1./6’,=0.0 ‘
CSR=1,./0’,
OCR=1.0

CSR=0.175 0.145 0.115 0.10

e 9o
N ®

=4
ES

(4
>

Excess Pore Pressure (Au,,/c";)
o [=]
w [

°
~

BBC Measured Data:
Cyclic Simple Shear
(Malek, 1989)

e
s

°

1 10 100 1000
Number of Cycles
(a)
10
8 t. /o’y =(;.0 ’
CSR=1,,. /0’
6 OCRo1.0 | CSR=0.175 0.145 0.115 0.10

Shear Strainy ,, (%)
o

BBC Measured Data:

Cyclic Simple Shear
8 (Malek, 1989)

-10
1 10 100 1000
Number of Cycles

(b)
Figure 8- Model predictions and measured data for cyclic
DSS on NC BBC with different CSR: (a) excess pore
pressure, (b) shear strain (yxy) vs. number of cycles

4  CONCLUSIONS

This paper presents the constitutive formulation, model
parameters, and the predictive capabilities and limitations
of a new constitutive model. The model offers good
predictions for over-consolidated clay and satisfactory
estimations for the cyclic response of soft plastic
sediments. The proposed constitutive model is a rate-
independent formulation, which limits the range of model
application, especially to cyclic tests with high initial shear
stress ratios on NC or lightly OC clays.
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