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Application of an Anisotropic Constitutive Model for
Structured Clay to Seismic Slope Stability

Mahdi Taiebat, M.ASCE1; Amir M. Kaynia, M.ASCE2; and Yannis F. Dafalias, M.ASCE3

Abstract: The anisotropic nature of response and degradation of shear strength from the undisturbed condition to the remolded state are two
fundamental and challenging aspects of response in some clay deposits. This paper presents a comprehensive, yet flexible and practical,
version of the SANICLAY model and its application to a seismic slope-stability problem. The model is based on the well-known isotropic
modified Cam-Clay model with two additional mechanisms to account for anisotropy and destructuration. The model has been efficiently
implemented in a three-dimensional (3D) continuum, coupled, dynamic, finite-difference program. The program has been used to analyze the
seismic response of clay slopes to gain better insight into the role of the previously mentioned parameters in real applications. Different
aspects of the model, including anisotropy and destructuration, and their effects on the earthquake-induced strains and deformations in the
slope have then been explored and presented. By providing a link between the model parameters and the soil’s undrained shear strength,
which is a well-known engineering parameter, a benchmark comparison has been made between the results of the present advanced model and
those of an engineering approach. To this end, a modified Newmark sliding-block analysis has been used, in which the yield acceleration is
gradually reduced as block sliding progresses during the earthquake. It is observed that although the two analyses display the same trends, the
modified Newmark sliding-block method provides conservative results compared with those obtained from the developed simulation model.
DOI: 10.1061/(ASCE)GT.1943-5606.0000458. © 2011 American Society of Civil Engineers.

CE Database subject headings: Constitutive models; Anisotropy; Clays; Numerical models; Seismic effects; Slope stability.

Author keywords: Constitutive model; Anisotropy; Structured clay; Destructuration; Numerical modeling; Seismic slope stability.

Introduction

Seismic failure of slopes and geotechnical structures has been a
major cause of human and material losses and has been the subject
of much research. In addition to the complexities related to the
seismic excitation, the estimation of the dynamic and strength
characteristics of soil has been a major challenge in numerical sim-
ulations. While studies on onshore applications have been ongoing
for some time, the offshore industry has more recently shown
increasing interest in research and development on problems related
to ocean floor stability. Submarine slides are major threats to the
integrity of offshore engineering structures because of large dis-
placements and forces involved in such failures. In addition, seis-
mically induced submarine landslides pose a high risk of tsunami
generation, of major concern near highly populated coastal areas.

Traditional methods of seismic slope stability assessment
are established on a quasi-static approach. In moderate to severe

seismic regions, this approach usually indicates slope failure. In
most such cases, however, the slope experiences some permanent
displacements without failure. A more realistic approach is to allow
for soil nonlinearity and set limits for acceptable displacements. For
this purpose, one needs reliable computational tools. Such tools
need to address a number of challenges, such as capabilities for
three-dimensional (3D) analyses, dynamic loading, handling the
boundary conditions in a realistic way, fully coupled solid-pore
fluid interaction, and inclusion of structural elements. Last but
not least is constitutive behavior of the soil matrix, which is the
crucial part of a successful numerical simulation. One of the
challenges in constitutive modeling of clay deposits is capturing
the fundamental features, such as material anisotropy and destruc-
turation effects.

The numerical approaches used for modeling nonlinear re-
sponse in clays fall into two general groups of total stress-based
and effective stress-based methods. The total stress-based models
address the nonlinear stress-strain relationship by empirically
fitting experimental data. These models usually satisfy the Masing
rule (Masing 1926) and provide a continuous (e.g., Ramberg and
Osgood 1943) or a piecewise linear (e.g., Iwan 1967; Mroz 1967)
expression for the first loading curve. The basic disadvantage of
these models is that the stress-strain response is decoupled from
the pore-pressure generation, but this has made these models much
simpler. Other models have been introduced to relate stress-strain
parameters to the current level of excess pore-water pressure
through empirical laws, on the basis of number of cycles (e.g., Finn
et al. 1977) or the mobilized stress ratio (e.g., Puzrin et al. 1995).
A recent comprehensive study on an empirical total stress based
method that also takes into account the cyclic response of clays
is presented and discussed in Andersen (2009). The effective
stress-based models used for clays are mainly derived from the
theory of elastoplasticity. The elastoplastic constitutive models
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are incremental, and nonlinear solution schemes are needed. The
sophistication of the constitutive laws together with the complex
mechanism of solid-pore fluid interaction that results in generation
(and dissipation) of pore-water pressure could impose significant
demands on the computational effort, especially in generalized
six-dimensional stress space.

In the present development, the nonlinear finite-difference
code fast Lagrangian analysis of continua in three dimensions,
or FLAC3D (Itasca Consulting Group 2006), is selected as the
main platform. FLAC3D is a dynamic code that uses an explicit
time-integration scheme, coupled solid-pore fluid interaction, and
large strain formulation and is well suited for solving dynamic
stability problems. Constitutive behavior of the soil matrix is
characterized in this work by a simplified version of the simple
anisotropic clay (SANICLAY) plasticity model (Dafalias 1986;
Dafalias et al. 2006; Taiebat et al. 2010). This model accounts for
a number of important aspects of material response, such as initial
and induced anisotropy and destructuration, to capture the strain
softening that exists in some marine clays. The SANICLAY model
is efficiently integrated in FLAC3D, and the model implementation
is successfully verified for different stress paths. This model is
used in numerical simulation of a seismic slope-stability problem.
The importance of anisotropy and destructuration to the mecha-
nism of accumulation of displacements in deep-sea slopes is
highlighted.

The fundamental equations of the constitutive model are pre-
sented and explained in the next section. Some additional equations
pertinent to the numerical implementation are derived and presented
in detail in the “Numerical Implementation of the Model” section.
The numerical implementation of the model in the framework of
FLAC3D is subsequently verified with a stand-alone constitutive
driver prepared based on earlier works of Bardet and Choucair
(1991). The section on “Numerical Simulations” is devoted to
application of the resulting numerical framework for modeling a
boundary value problem. The simulations presented in this section
aim to illustrate the importance of the constitutive features on
anisotropy and destructuration in this very simple and practical
model for modeling the response of a sloping ground during a dy-
namic event. An attempt has been made to compare the presented
analyses results with engineering techniques in the “Results and
Discussion” section. To this end, a link has been made between
the advanced parameters of this model and the widely used un-
drained shear strength parameter su. The performance of the model
has been compared with the Newmark sliding-block method that is
one of the common engineering techniques for seismic slope-
stability analysis. The paper ends with concluding remarks on the
significance of combining a simple and realistic constitutive model
with an efficient and rigorous numerical framework for solving prob-
lems of interest in geotechnical earthquake engineering practice.

Mathematical Formulation of the Model

The constitutive model is constructed by extending the well-
recognized modified cam-clay (MCC) model (Roscoe and Burland
1968), which has a simple and elegant formulation with clear
physical interpretation. TheMCCmodel is very popular and widely
applied in relatively advanced analyses in geotechnical engineer-
ing, and it is one of the most widely used models other than very
simple models like Mohr-Coulomb.

The present formulation takes advantage of the simple frame-
work of MCC, and with perhaps the simplest possible approach,
adds the very important features of anisotropy and destructura-
tion. Each one of these important constitutive features can be

deactivated, if so desired by the user, simply by selecting appropri-
ate values for certain model constants. In this way, the developed
model can be simplified back to the MCC model. The present
formulation does not include some of the constitutive features that
existed in earlier work of Taiebat et al. (2010), such as the nonas-
sociated flow rule and frictional destructuration mechanism, trad-
ing slightly less accuracy in simulations for simplicity. The
resulting model is simple and rational, yet significantly improves
the MCCmodel in describing some essential features of response in
natural clays. It is intended to become a tool for solution of boun-
dary value problems encountered in geotechnical engineering.

In this section, σ and ε are generic symbols for the stress
and strain tensors and their components. All stress components
are considered effective, and, as usual in geomechanics, both stress
and strain quantities are assumed positive in compression. The
stress tensor σ can be analyzed in a hydrostatic p ¼ ðtrσÞ=3 and
a deviatoric component s ¼ σ � pI, where tr denotes the trace
and I is the identity tensor. Similarly, the strain tensor ε can be
decomposed in a volumetric εv ¼ trε and a deviatoric component
e ¼ ε� εvðI=3Þ. Within the range of small deformations and rota-
tions, the kinematical assumption of the additive decomposition of
total strain rate into elastic and plastic parts is assumed, i.e.,
_ε ¼ _εe þ _εp. The superscripts e and p denote elastic and plastic parts,
respectively, and a superposed dot denotes, henceforth, the material
time derivative or the rate. The elastic strain rate is given by

_εe ¼ _εev
3
Iþ _ee ¼ _p

3K
Iþ _s

2G
ð1Þ

where the elastic bulk and shear moduli K and G are obtained from

K ¼ pð1þ eÞ
κ

; G ¼ 3Kð1� 2νÞ
2ð1þ νÞ ð2Þ

where e = current void ratio; and κ and ν = slope of the rebound line
in e� ln p and the Poisson’s ratio, respectively.

For simplicity, an associated flow rule has been employed, giv-
ing a single expression f ¼ 0 for the yield surface and the plastic
potential. The plastic strain rate is given by

_εp ¼ hLi ∂f∂σ ð3Þ

where L = loading index. The expression provided for the plastic
potential, which is the same for the yield surface here, owing to
application of associative plasticity, is obtained from an assumption
for the plastic work dissipation given in Dafalias (1986), in the
form of

f ¼ 3
2
ðs� pαÞ: ðs� pαÞ �

�
M2 � 3

2
α: α

�
pðp0 � pÞ ¼ 0 ð4Þ

where the symbol : implies the inner product of two tensors (the
trace of their product); the anisotropic variable α = dimensionless
deviatoric tensor; and p0 = scalar variable. The scalarM is the criti-
cal stress ratio and can be interpolated between its values Mc in
compression and Me ¼ mMc in extension as a function of a Lode
angle θ and by means of the proposition of Argyris et al. (1974) as

M ¼ Θðθ;mÞMc ¼
2m

ð1þ mÞ � ð1� mÞ cos 3θMc ð5a Þ

cos 3θ ¼
ffiffiffi
6

p
trn3; n ¼ r� α

½ðr� αÞ: ðr� αÞ�1=2 ð5b Þ

with r ¼ s=p the deviatoric stress ratio tensor.
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A schematic illustration of f ¼ 0 is shown in Fig. 1, which is in
essence the triaxial p� q space. The isotropic hardening of the
internal variable p0 is based on the classical evolution law of critical
state soil mechanics in conjunction with the specialization of
Eq. (3) for the volumetric plastic strain rate and yields

_p0 ¼ hLi
�
1þ e
λ� κ

�
p0tr

�∂f
∂σ

�
¼ hLi �p0 ð6Þ

The kinematic hardening rule for the internal variable α is based
on the distance of back stress ratio α from its bounding image αb,
which in turn is defined by an attractor term r=x as (Dafalias et al.
2006; Taiebat et al. 2010)

_α ¼ hLi
�
1þ e
λ� κ

�
C

�
p
p0

�
2
����tr

�∂f
∂σ

�����
�
3
2
ðr� xαÞ: ðr� xαÞ

�
1=2

× ðαb � αÞ ¼ hLi�α ð7aÞ

αb ¼
ffiffiffi
2
3

r
Menx; nx ¼

r� xα
½ðr� xαÞ: ðr� xαÞ�1=2 ð7b Þ

where C and x = two model constants and the expression for �α is
evident from the last two members of Eq. (7a). The constant C
controls the evolution of anisotropy in the model, and the constant
x in the attractor term provides a flexibility to the model for proper
estimation of the value of K0.

To include an isotropic destructuration mechanism in the model,
the internal variable p0 is set equal to Sip0d, where Si ≥ 1 is the
isotropic structuration factor and p0d is the destructured value of
p0 (or the value of p0 at Si ¼ 1). A slight difference of notation
is adopted here from the work of Taiebat et al. (2010), whereas
instead of p0 and p0d, the notations were p�0 and p0, respectively,
were used. With this new definition of p0, Eq. (6) should now be
replaced by the following Eq. (8), where p0 ¼ Sip0d yields

_p0 ¼ Si _p0d þ _Sip0d ¼ hLiðSi�p0d þ �Sip0dÞ ¼ hLi�p0 ð8Þ
where the analytical expression of �p0 is evident for the last two
members of Eq. (8). Here �p0d and �Si are obtained from

_p0d ¼ hLi
�
1þ e
λ� κ

�
p0dtr

�∂f
∂σ

�
¼ hLi�p0d ð9a Þ

_Si ¼ �hLiki
�
1þ e
λ� κ

�
ðSi � 1Þ�εpd ¼ hLi�Si ð9b Þ

with �p0d and �Si following from the last two members of Eqs. (9a)
and (9b), respectively, and where ki = material constant. The deg-
radation of Si has been taken into account by means of _εpd ¼ hLi�εpd,
which is the rate of an auxiliary internal variable called the destruc-
turation plastic strain rate and defined as

_εpd ¼ hLi�εpd ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� AÞ _εp2v þ A

�
2
3
_ep: _ep

�s
ð10Þ

The parameter A is a material constant distributing the effect
of volumetric and deviatoric plastic strain rates to the value of
_εpd. The foregoing destructuration mechanism described by
Eqs. (8)–(10) is a classical approach of isotropic destructuration
introduced earlier by Nova (1992) and Gens and Nova (1993).
In Taiebat et al. (2010), in addition to the present isotropic destruc-
turation mechanism that is in effect an isotropic-softening constit-
utive feature, an additional frictional destructuration mechanism
was introduced that addressed the possible collapse of the critical
state stress ratio M in the foregoing destructuration plastic strain
rate of Eq. (10). This mechanism is omitted in the present work
for simplicity and because the isotropic destructuration is by far
the more important of the two. In other words, many of the aspects
of destructuration response in clays can be sufficiently addressed
only by the isotropic destructuration mechanism for many practical
purposes, and this approach has been adopted in the present work.
Moreover, in Taiebat et al. (2010), the full destructuration model
also had additional features, such as a plastic potential surface dif-
ferent than the yield surface with a different rotational variable, and
simplified versions were studied in regard to simulations of data
and the relative effect of the two aforementioned destructuration
mechanisms was evaluated. It is on the basis of these studies
and comparisons that the single-surface simplified version without
the frictional destructuration is being considered in this paper with-
out the need to repeat any data simulations, for which the reader is
referred to Taiebat et al. (2010). To avoid any misunderstanding, it
should be emphasized that the omission of the frictional destructu-
ration implies only that theM remains intact, whereas the deviatoric
(shear) strain rate is clearly influential in regard to the isotropic
destructuration since it enters the definition of the destructuration
plastic strain rate of Eq. (10), where A is different from zero with a
typical default value of A ¼ 0:5.

Observe that by setting C ¼ 0 and starting with α ¼ 0, the
anisotropy feature of the model can be deactivated [see Eq. (7a)].
The destructuration mechanism can also be deactivated by setting
ki ¼ 0 or simply by starting with Si ¼ 1 [see Eqs. (8) and (9)]. To
fully reduce the model to the MCC model, in addition to the pre-
vious choices, one should also remove the Lode angle dependency
by setting m ¼ 1 [see Eq. (5)].

Numerical Implementation of the Model

In this study, the SANICLAY model with destructuration, in its
simple form presented in the previous section, has been numeri-
cally implemented in the 3D explicit finite-difference program
FLAC3D through its UDM option. The constitutive model is written
in Cþþ and compiled as a dynamic link library (DLL) file that
can be loaded whenever it is needed.

Accuracy of the numerical implementation of a constitutive
model in a numerical framework is tied to the integration
scheme employed. Various numerical techniques—explicit, refined
explicit, and implicit—have already been proposed and extensively
discussed in the literature (e.g., see Potts and Gens 1985; Sloan
1987; Borja and Lee 1990; Crisfield 1991; Borja 1991; Jeremić

Fig. 1. Graphical representation of the SANICLAY model for
structured clays in the stress space
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and Sture 1997; Sloan et al. 2001). Implicit integration is the
most accurate approach, and in most cases, a robust integration
of a constitutive model dictates the use of an implicit algorithm.
This, however, could be computationally complex and run-time
extensive, in particular for more advanced constitutive models.
The choice of the most efficient algorithm in combination with
the overall computational burden may depend on the constitutive
law and the numerical code in which it will be implemented.
Because of the explicit nature of the global solution algorithm used
in FLAC3D, use of very small increments is the prerequisite for
computational stability of the global solution. Given such a require-
ment in the main algorithm of this code, it has been decided to use a
compatible stress update algorithm. To enhance the numerical
accuracy, an explicit integration scheme with a drift-correction
method and an optional substepping technique (Sloan 1987; Sloan
et al. 2001) have been adopted for the model implementation in the
current work.

Given a strain increment, the core of a constitutive driver for a
general elastoplastic model is the following equation:

_σ ¼ Cep _ε ¼
�
Ce � hðLÞ ðC

e: ∂g=∂σÞ ⊗ ð∂f =∂σ: CeÞ
Kp þ ∂f =∂σ: Ce: ∂g=∂σ

�
: _ε ð11Þ

where the symbol ⊗ implies the tensor product of two tensors; the
hðLÞ = unit step function of L; g = plastic potential, and the expres-
sion of loading index L in terms of strain increment (rather than
stress increment) is as follows:

L ¼ ∂f =∂σ: Ce: _ε
Kp þ ∂f =∂σ: Ce: ∂g=∂σ ð12Þ

The present form of the SANICLAY model has an associated
flow rule, i.e., ∂f =∂σ ¼ ∂g=∂σ. On the basis of Eqs. (4) and
(5) this derivative can be computed as follows:

∂f
∂σ ¼ 3ðs� pσÞ þ 1

3
p

�
M2 � 3

2
r: r

�
Iþ ∂f

∂θ
∂θ
∂σ ð13a Þ

∂f
∂θ ¼ 6M2pðp0 � pÞ

�
1� m
2m

�
Θðθ;mÞ sin 3θ ð13b Þ

∂θ
∂σ ¼

�3

�
n2 � ðtrn3Þn� 1

3 Ið1þ trðn2αÞ � trn3trðnαÞÞ
�

p½ð3=2Þðr� αÞ: ðr� αÞ�1=2 sin 3θ
ð13c Þ

The plastic modulus Kp in Eqs. (11) and (12) acquires the fol-
lowing form from the consistency condition _f ¼ 0 in conjunction
with Eqs. (7a) and (8)

Kp ¼ � ∂f
∂α : �α� ∂f

∂p0 : �p0 ð14Þ

where
∂f
∂p0 ¼ �p

�
M2 � 3

2
α: α

�
ð15Þ

∂f
∂α ¼ �3pðs� pαÞ þ 3pðp0 � pÞα ð16Þ

The integration algorithm requires finding the point of transition
from elastic to elastoplastic behavior, for which the equation
f ðσ þ x _σeÞ ¼ 0 should be solved for x. For the present yield surface
function, this equation has been solved using an iterative scheme

described in Crisfield (1991). After computing the intersection
point σ þ x _σe, the remaining portion of the strain increment, which
is ð1� xÞ _σe, was treated in an elastoplastic manner. The error as-
sociated with this assumption in the presence of nonlinear elasticity
is tolerable with the small increments of loading used in the explicit
integration of FLAC3D.

To verify details of the implementation of the SANICLAY
model in FLAC3D and its communication with the rest of the
code, this model is also implemented in a stand-alone constitutive
driver in MATLAB. This constitutive driver is prepared based on
a linearized integration algorithm for incremental constitutive
equations, a technique proposed by Bardet and Choucair (1991).
The implementation is conducted using a refined explicit integra-
tion of the constitutive model. The numerical performance of the
model has been tested comprehensively under different loading
conditions in both codes to make sure the results are consistent
and the model is correctly communicating with the rest of the
FLAC3D code.

Numerical Simulations

To illustrate various features of the SANICLAY model with de-
structuration in a boundary value problem, response of a saturated
clay slope under dynamic excitation has been numerically simu-
lated using this constitutive model integrated within the framework
of FLAC3D. Capabilities of the main features of the model in
the constitutive level have been validated against a number of
laboratory tests in our recent publications. For the current purpose,
the model parameters used in the simulations are adopted from
Dafalias et al. (2006), whereas the SANICLAY model with non-
associated flow rule had been calibrated for data of lower Cromer
till (LCT) clay (Gens 1982). To also observe the effect of the
destructuration mechanism in the present version of the model,
it is assumed that ki ¼ 0:6 and A ¼ 0:5. Details of the simulations
and the results are presented and discussed in this section.

Physical Model Description

A 5H:1V slope of saturated clay is considered under self-weight,
and simulation is conducted in FLAC3D using the SANICLAY
model described in previous sections. Fig. 2 shows the model di-
mensions and the mesh used in this study. The model is discretized
using 1,700 brick zones in FLAC3D. The zone length is smaller
than 1=10 of the shortest wavelength (on the basis of elastic proper-
ties of the material and the input frequency) to provide accurate
wave transmission. For simplicity, the grid points have been fixed
in the y-direction and thus, the problem is reduced to only two
dimensions (x-z). The analyses start with application of the initial
stresses and hydrostatic pore pressures using a K0 value of 0.6. On
the basis of empirical charts by Brooker and Ireland (1965), this
value of K0 corresponds to the properties of LCT clay (effective
angle of friction, ϕ0 ¼ 30°; plasticity index, Ip ¼ 13%) with an
assumed lightly overconsolidated state of overconsolidation ratio
(OCR) ≈2. Starting from this stress state, the gravity is switched
on and the models are brought to equilibrium. The slope remains
stable under self-weight. The input excitation is then applied in
the form of horizontal acceleration at the base of the model.
The deformations that were created during the gravity application
are reset to zero before the dynamic analysis. Fig. 3 shows the time
history of the input acceleration with a frequency of 2 Hz and a
maximum amplitude of 0.25 g.

The computational framework is based on the explicit finite-
difference scheme to solve the full equations of motion, using
lumped grid-point masses derived from the density of surrounding
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zones (rather than fictitious masses used for static solution). The
dynamic feature is coupled to the groundwater flow model. The
problem of interest in the current study, i.e., seismic response of
saturated clayey slopes, is essentially an undrained problem, and
this allows for the switching off of water flow in the analysis.
A proper constitutive model and built-in equations for modeling
of solid-fluid interaction allow the time-dependent pore-pressure
changes in clayey ground. For the dynamic analyses, wave reflec-
tions at model boundaries are reduced by specifying the free-field
boundary conditions of the sides. This approach enforces the free-
field motion in such a way that boundaries retain their nonreflecting
properties, i.e., outward waves are properly absorbed.

Results and Discussion

Three general sets of dynamic analyses have been conducted to
study the response of the saturated slope under base acceleration.
The model constants and the initial values of the model internal
variables (at the beginning of the base excitation) used in these
three analyses are presented in Tables 1 and 2 as Simulations I,
II, and III. These simulations are outlined in the following sections.

Reducing SANICLAY to MCC
Simulation I uses the built-in MCC model (Roscoe and Burland
1968; Wood 1990) in FLAC3D. The initial state of the only internal
variable in the MCC model, p0, is set to p0 ¼ Rp0;n, with p0;n the
corresponding value of p0 for the normally consolidated state at the

present stress state, i.e., having the stress point on the yield surface.
Avalue of R ¼ 1:2 has been used here for calculation of initial p0 so
that the material is slightly overconsolidated.

Simulation II uses the newly implemented SANICLAY model
but with proper parameters and internal variables such that the
model’s response is reduced back to the MCC model, i.e., with
no Lode angle dependency (m ¼ 1), no anisotropy (α ¼ 0,
C ¼ 0, x ¼ 1), and no destructuration (Si ¼ 1 and/or ki ¼ 0).
Detailed results of Simulations I and II are observed to be identical.
As an example, time histories of shear stresses σxz and shear strains
ϵxz for two locations in the model, namely (x ¼ 25 m, z ¼ 23 m)
and (x ¼ 55 m, z ¼ 27 m), are presented in Fig. 4 and show the
comparison between the results of Simulations I (solid lines)
and II (circles). These two simulations illustrate the possibility
of reducing the SANICLAY with destructuration to the well-known
MCC simply by assigning proper values to model constants and
internal variables. In addition, because the numerical implementa-
tion of the built-in MCC model in FLAC3D has been already veri-
fied for different stress paths against the closed-form solutions
(Itasca Consulting Group 2006), the observed identical results of
MCC and the newly implemented SANICLAY could also be inter-
preted as another successful verification test for the numerical
implementation of SANICLAY, in addition to the element test
verifications presented in the previous section.

SANICLAY with Destructuration
Simulation III uses the complete set of model parameters and
internal variables for the SANICLAY model with destructuration.
The initial deviatoric stress state is used to estimate the initial
value of the internal tensor variable α as s=x. The initial size of
yield surface is again set to p0 ¼ Rp0;n with R ¼ 1:2; therefore,
a small value of overconsolidation has been introduced for
the material state at the beginning of the shaking phase. A number
of representative results of Simulation III are presented in Figs. 5–9
and explained in the following paragraphs.

Referring to Fig. 2 for the coordinate definition, Figs. 5(a), 5(c),
and 5(e) present the variations of shear stresses σxz and shear
strains ϵxz at depths of 2 m (z ¼ 23 m) and 6 m (z ¼ 19 m) from
the ground surface at the toe of slope (x ¼ 25 m). Similarly,

Fig. 2.Model geometry, the finite difference mesh, and the positions of
the monitoring points
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Fig. 3. Time history of input motion

Table 1. Model Constants Used in Simulations I, II, and III

Model
constant

Simulation I
(MCC)

Simulation II
(SANICLAY)

Simulation III
(SANICLAY)

Elasticity κ 0.009 0.009 0.009

ν 0.2 0.2 0.2

Critical state Mc 1.18 1.18 1.18

m N/A 1 0.73

λ 0.063 0.063 0.063

Hardening C N/A 0 16

x N/A 1 1.56

Destructuration ki N/A 0 0.6

Table 2. Initial Values of the Model Internal Variables Used in Simulations
I, II, and III

Model internal
variables

Simulation I
(MCC)

Simulation II
(SANICLAY)

Simulation III
(SANICLAY)

Size of the YS p0 1:2p0;n 1:2p0;n 1:2p0;n
Orientation of the YS α N/A 0 s=x
Structuration factor Si N/A 1 3
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Figs. 5(b), 5(d), and 5(f) present these results at depths of 3 m
(z ¼ 27 m) and 7 m (z ¼ 23 m) from the ground surface at the
middle section of the slope (x ¼ 55 m). The strain-softening
regime of the response, particularly at shallower depths, is clear
in these results. Plasticity, which leads to destructuration and soft-
ening of response, occurs in both directions of loading and reverse
loading at z ¼ 25 m (toe of the slope), whereas at z ¼ 55 m
(middle of the slope), it is primarily a one-sided cyclic plasticity.
This is because of the larger value of the initial offset shear
that exists in the sloping part of the model. The occurrence of
plasticity can be detected by accumulation of the shear strains
in Figs. 5(c)–5(f) as well as the (almost) flattening of the shear
stresses in Figs. 5(a) and 5(b). Most of downslope accumulation
of the plastic strains occurs in the sloping section. The magnitude
of strain jϵxzj reaches a value of 12% at z ¼ 27 m in the middle of
the slope (x ¼ 55 m), whereas at the toe section (x ¼ 25 m), it is on
the order of 1–2%. To show the effect of the destructuration mecha-
nism on shear stress/strain variations in the slope, similar plots to
Figs. 5(e) and 5(f) are also presented in Fig. 6(a) and 6(b) for Sim-
ulations I or II. Comparison of these plots shows that the softening
regime that is produced by the destructuration mechanism in Sim-
ulation III, and is missing in Simulations I and II, significantly af-
fects the accumulation of shear strains.

Fig. 7 shows time histories of the shear strains ϵxz, horizontal
displacements ux, and structuration levels Si at different depths
in the middle of the slope (x ¼ 55 m). In particular, the results close
to the ground surface (z ¼ 30 m) and at depths of 3 m (z ¼ 27 m),
7 m (z ¼ 23 m), 9 m (z ¼ 21 m), and 13 m (z ¼ 17 m) are pre-
sented in this figure. The residual value of the shear strain first
increases by depth and then it diminishes again in the deeper parts
of the section. Fig. 7(a) shows that jϵxzj rises to about 13% at
z ¼ 27 m, whereas it does not exceed 9% and 5% close to the
surface (z ¼ 30 m) and at z ¼ 23 m, respectively. This trend agrees
well with the expected dynamic response observed in other numeri-
cal analyses. The pattern of variations of the structuration level Si in
Fig. 7(c) is similar to the patterns of variations of strains in Fig. 7(a)
because the destructuration level is linked to the value of plastic
strains, as presented in Eqs. (9) and (10). The values of horizontal
displacements, however, continuously decrease with depth, as

shown in Fig. 7(b). Displacements are a representation of the
integration of strains in depth; hence, as long as strains accumulate
in the downslope direction, regardless of their magnitude in each
level, the resulting displacements increase by decreasing the depth.
The maximum computed horizontal displacement in this section
(x ¼ 55 m) is at the surface and is about 1.25 m.

Contours of maximum shear strains and displacements through-
out the model at 3, 5, 7, and 10 s are presented in Figs. 8 and 9.
A map has been used at different times in each figure for easier
comparison. The values have a consistent increasing pattern in
time. The maximum shear strain reaches almost 12% at the end
of shaking in a depth of about 3 m in the slope. This is large enough
to bring the stress-strain response to the softening regime, owing to
destructuration (e.g., see Fig. 5 for more details). There is also some
strain concentration up to about 15% close to the toe of the slope.
The displacement magnitude reaches a maximum value in the order
of 1.3 m at the surface of the sloping part of the model.

As previously mentioned in all of the simulations presented in
the “Numerical Implementation of the Model” section, an initial
stress state corresponding to K0 ¼ 0:6 is assumed, and the focus
is actually on the response in the dynamic excitation using different
features of the model. Starting from the same initial stress state
allows for the comparison of results; otherwise, the differences
in response would be not only from the role of the constitutive
model during the excitation phase, but also from what the constit-
utive model would dictate for the initial stress states under self-
weight. However, one should not forget the strong capability of the
SANICLAY model for realistic prediction of the K0 value. Unlike
the MCC model, which is known for overestimating the K0 value,
the SANICLAY can be calibrated through x to whatever is mea-
sured as the value of K0.

Effects of Destructuration and Anisotropy

Two of the main interests in the current development are accounting
for destructuration and anisotropy of clays in a numerical frame-
work. There are two input factors that control the destructuration
mechanism in the present model, the initial degree of structur-
ation Si and the rate of destructuration controlled by the constant
ki. The effects of these two factors on the computed maximum
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Fig. 4. Comparison of the time histories of shear stress σxz and shear strain ϵxz in Simulations I (solid lines) and II (circles) at two locations in the
model
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displacement is illustrated in Fig. 10. Ten different combina-
tions of Si and ki are studied, and the resulting maximum displace-
ments are shown in two different formats in Figs. 10(a) and 10(b).
The analyses cover the cases with no initial structuration (Si ¼ 1)
and with different initial structuration factors (Si ¼ 1:5, 2, and 3).
Also, different rates of destructuration have been included in this
study by assigning the values ki ¼ 0:1, 0.6, and 1.2. In the absence
of structuration (Si ¼ 1) the maximum displacement is about
0.85 m. The presence of structuration (Si > 1) increases this value,
and for each initial value of Si the rate of destructuration ki plays a
direct role on the permanent displacements. Depending on the level
of initial structuration factor and the rate of destructuration, the re-
sulting maximum displacement magnitude in this problem falls in
the range of 0.85 to 1.4 m.

Figs. 11 and 12 show contours of maximum shear strain
and displacement magnitude, respectively, at the end of shaking

(t ¼ 10 s) for simulations with different initial levels of structura-
tion (Si ¼ 1, 1.5, and 3). For all of these simulations ki ¼ 0:6. In
particular, Fig. 11(a) shows that in the absence of initial structura-
tion, i.e., in simulation with the initial Si ¼ 1:0, the maximum
shear strain at the end of shaking reaches about 8% in the slope.
This value increases with the initial value of Si, as is shown in
Figs. 11(b) and 11(c), such that with initial values of Si ¼ 1:5
and 3.0 the maximum shear strain reaches approximately 10%
and 15%, respectively. This is because larger values of initial
structuration result in larger softening and reduction of strength,
which in turn cause larger plastic shear strains in the slope. The
same analogy applies to the displacements shown in Fig. 12.
The magnitude of (downslope) displacement reaches about 0.85,
1.10, and 1.30 m for the initial values of Si ¼ 1 (no initial structu-
ration), 1.5, and 3.0.
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Fig. 5. Results of Simulation III for: (a), (b) shear stressσxz time histories; (c), (d) shear strain ϵxz time histories; and (e), (f) variations of σxz versus ϵxz
at four different locations in the model
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Finally, time histories of the horizontal displacements at three
different depths in the middle of slope (x ¼ 55 m and z ¼ 30,
27, and 25 m) are presented in Fig. 13. Different line styles in this
figure are used to identify the initial levels of structuration Si, and
different symbols are used to identify the depths. This figure shows
the accumulation of lateral displacements at these monitoring
points during the 10 s of shaking. It can be observed that at each
depth the displacements ux increase with the initial level of struc-
turation Si. The amount of displacement is also a function of depth,
as expected. In addition, the accumulation of horizontal displace-
ments takes longer for larger initial values of Si and also for shal-
lower depths. The reason for longer lasting accumulation of

displacements in shallower depths is probably because the shear
waves reach the shallower depths later than the deeper ones. On
the other hand, at the same depth, the reason for longer lasting dis-
placement accumulations in the case of larger initial Si values could
originate from the more pronounced softening response, which re-
sults in reduction of strength (and may demand a kind of redistrib-
ution of stresses to bring the system to equilibrium). In the extreme
case, if the strength after the softening regime falls considerably
below the demanding stress for stability of the slope, the system
might experience very large displacements and rotations that could
be interpreted as failure of slope before it reaches a new redistrib-
ution of stresses (and geometry) in equilibrium. The issue of failure
can happen in models with large Si and can be absent in traditional
models (Si ¼ 1). More accurate analysis of this kind of problem
would require using the large strain mode of FLAC3D, involving
large displacements, displacement gradients, and rotations and
would be a subject for further detailed studies.

For assessing the importance of the anisotropic (rotational)
hardening in the model, one may compare results of simulation
without anisotropic hardening (C ¼ 0) with those of sim-
ulation II with anisotropic hardening (C ¼ 16). The analyses show
that the maximum value of displacement in the slope for the first
case (without anisotropy, C ¼ 0) is about 0.65 m, while in the
second case (with anisotropy, C ¼ 16) with a 30% increase it
reaches as high as 0.85 m. Fig. 14 displays in more detail the effect
of the rate of anisotropic hardening by variation of the parameter C
in a range of 0 to 30 (typical range). The maximum values of dis-
placements in the slope increase with the rate of evolution of
anisotropy as illustrated in this figure. The effect of anisotropy
may appear even more important in problems where two-sided
cyclic plasticity is more pronounced.

Comparison with Engineering Techniques

In this section an attempt has been made to compare the results
obtained from simulations in the previous section with those from
engineering techniques. The method of dynamic slope stability
analysis developed by Newmark (1965) and its variations and
extensions are widely used in standard engineering practice and
described by numerous writers (e.g., Seed 1979; Wilson and
Keefer 1983; Finn et al. 1997; Rathje 1998; Kramer and Smith
1997; Kramer and Lindwall 2004; Pradel et al. 2005; Bray and
Travasarou 2007). The Newmark analogy of a sliding block on
a sloping plane combines two sets of data: (1) a critical accelera-
tion, ac, at which the slope would reach its ultimate strength
and (2) an acceleration time history at the site. When the base
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Fig. 7. Results of Simulation III for time histories: (a) shear strain ϵxz;
(b) displacement ux; and (c) Si at five different depths in the middle
section of the slope (x ¼ 55 m)

Fig. 8. Contours of maximum shear strain in Simulation III at four different times during the analysis
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acceleration time history exceeds the critical acceleration, the block
slides. The total accumulated displacement is computed by double
integration of the acceleration time history that exceeds the critical
acceleration. Note that conventional Newmark-type analyses
assume that the shear strength of a soil is unchanged during an
earthquake. To account for strain softening of soil during shearing,
Matasovic et al. (1997) have proposed an application of a degrading
yield acceleration. To this end, when the downslope displacement
increases from zero to δr, the yield acceleration can degrade lin-
early from ac1 to its residual value ac2 and then remain constant
at this value.

To obtain the downslope displacement of the problem presented
in the “Results and Discussion” section, some estimates of the
engineering parameters of soil, namely, the elastic shear modulus
G and undrained shear strength su, can be made as follows. The
elastic shear modulus G (and the elastic bulk modulus K) can
be extracted directly from Eq. (2) of the SANICLAY model.
The equivalent undrained shear strength su ¼ Mpcs=2, where pcs
refers to the value of mean effective stress at the critical state,
and M refers to the stress ratio at the critical state and depends
on the Lode angle under which this undrained loading occurs.
Assume that the initial state of soil in the SANICLAY model is
characterized by p, p0, and α. By making a reasonably good
assumption that α does not change under undrained loading in
compression, it can be shown that the equivalent undrained shear
strength su is (Dafalias 1986; Wood 1990)

su ¼
M
2
p

�
p0
rp

�ðλ�κÞ=λ
ð17Þ

Fig. 9. Contours of displacement magnitudes in Simulation III at four different times during the analysis
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Fig. 11. Comparison of the contours of maximum shear strain for start-
ing the analyses from: (a) Si ¼ 1 (no internal bonding); (b) Si ¼ 1:5;
and (c) Si ¼ 3 (with ki ¼ 0:6)
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where the value of r for the SANICLAY model is 2M=ðM þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið3=2Þα: αp Þ and clearly depends on the current degree of
anisotropy expressed through α, which was assumed to remain
fixed. The value of r for the MCC model is 2.

With the equivalent values of elastic moduli and undrained shear
strength at different depths of the model, it is possible to compute

the factor of safety (FS) of the slope under self-weight by the
conventional static slope stability methods. This has been done us-
ing the strength-reduction method (Dawson et al. 1999) that is
implemented in FLAC3D. It can be observed from the results pre-
sented in the “Results and Discussion” section that for the present
mild slope, the failure mechanism under seismic loading may be
approximated by a shallow translational regime. For a slope with
angle θ, the critical acceleration ac may be related to FS by (e.g.,
Wilson and Keefer 1983)

ac ¼ ðFS� 1Þg sin θ ð18Þ

where g = acceleration caused by gravity. In the present
study, θ≃ 11°.

A key issue in this method is selection of the acceleration time
history. To be consistent, one may rerun the slope model with the
base acceleration using only the elastic parameters, as explained
above. By putting one monitoring point on the flat surface down-
slope and one on the flat surface upslope, two acceleration time
histories may be recorded. The reality is that the slope is subjected
to something between these two. Alternatively, these two acceler-
ation time histories may be calculated using only one-dimensional
(1D) site response analyses on soil columns with the elastic shear
modulus profile as obtained with the original model. The latter ap-
proach has been used here to produce the acceleration time histories
ax;u and ax;d on the related upslope and downslope elevations,
respectively; the results are shown in Fig. 15. It appears that the
25 m (downslope) and 35 m (upslope) of elastic soils amplify
the peak acceleration from 0:25 g to 1:35 g and 1:0 g, respectively.

Table 3 summarizes the results of Newmark sliding-block analy-
ses and those obtained from FLAC3D with the SANICLAY model.
The results of the investigation of five different cases are shown in
this table.

In the first case, it is assumed that no degradation occurs in the
strength of soil. The static factor of safety under self-weight is ob-
tained as FS ¼ 2:65. To this end, a Mohr-Coulomb (M-C) material
model with variable undrained shear strength su at different depths
is used [see Eq. (17)], and the value of FS is computed using the
strength-reduction method. In this M-C model, it is assumed that
friction angle and cohesion are ϕ ¼ 0 and c ¼ su, respectively. The
elastic bulk and shear moduli are extracted from the SANICLAY
model. With the known FS ¼ 2:65 the value of the critical accel-
eration can be computed from Eq. (18) as ac ¼ 0:32 g. Using the
Newmark sliding-block method with this value of ac and the
measured acceleration time histories ax;u and ax;d (Fig. 15), the ac-
cumulated displacements are computed as 0.66 and 1.32 m, respec-
tively. As in reality, the slope is subjected to something between
these two values, the average of these two values, i.e., 0.99 m,
is reported as the result of Newmark sliding-block analysis for
this case. The corresponding maximum displacement from the
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complete dynamic simulation in FLAC3D using the SANICLAY
model with Si ¼ 1 or ki ¼ 0 (for no strength degradation) is
0.85 m, as reported in the last column of the table for this case.

In the second case, the Newmark sliding-block analysis is
repeated using a reduced ac ¼ 0:17 g. This value of ac corresponds
to a fully degraded soil strength when initially Si ¼ 1:5. To this end,
the values of undrained shear strength in Eq. (17) are computed
using p0d ¼ p0=Si instead of p0, resulting in a lower static FS
and subsequently a lower ac. The maximum displacement using
the Newmark sliding-block analysis with this value of ac is equal
to 1.66 m, which is clearly larger than the 0.99 m in the first case.

In the third case, the Newmark sliding block is conducted using
a variable critical acceleration from 0:32 g to 0:17 g. Depending on
the rate of strength degradation (the relative displacement δr at
which the critical acceleration drops to its residual value), different
values of maximum displacement are obtained from the Newmark
method. These values are to be compared with 1.12 m, which cor-
responds to the maximum displacement observed from complete
dynamic simulation in FLAC3D using the SANICLAY model with
Si ¼ 1:5 and ki ¼ 0:6.

The fourth and fifth cases are similar to the second and third
cases but with Si ¼ 2:0 instead of 1.5. No Newmark analysis
corresponding to Si ¼ 3:0 is conducted here because the slope
with fully degraded strength in this case is not stable under its
self-weight.

Fig. 16 presents the time histories of horizontal displacement ux
obtained using Newmark sliding-block method (with the acceler-
ation time histories ax;d and ax;d, see Fig. 15) and SANICLAY
model in FLAC3D. In Fig. 16(a), a constant value of ac ¼
0:32 g is used for the Newmark sliding-block calculations, and
the resulting displacements can be compared with the horizontal
displacements at the middle surface of the model analyzed in
FLAC3D using the SANICLAY model with Si ¼ 1 (no destructu-
ration). In Fig. 16(b), however, the Newmark method uses a var-
iable ac that starts from 0:32 g and reduces linearly to 0:17 g when
the displacement ux increases from zero to δr . At larger displace-
ments, the value of ac remains constant at its residual level,

i.e., 0:17 g. The results can be compared with those obtained from
analysis of the slope in FLAC3D using the SANICLAY model with
destructuration (Si ¼ 1:5).

The overall comparison of the maximum displacements from
the Newmark method and the complete analysis using the
SANICLAY model shows that although the two analyses display
the same trends, the modified Newmark sliding-block method pro-
vides conservative results compared with those obtained from the
developed simulation model. Knowing that the equivalent natural
frequency of 25–35 m of soil with the present properties is about
0.7 Hz, which is less than the frequency of the input motion, the
observation of conservative results from the Newmark sliding-
block method is consistent with the conclusion by Wartman et al.
(2003). The presented results in Table 3 and Fig. 16 clearly empha-
size the importance of inclusion of strain softening (destructura-
tion) in the analyses. A similar trend was observed by Kaynia
(2009) using a 1D model of seismic response of slopes with
strain-softening behavior to highlight the significance of strain
softening in performance-based design in geotechnical earthquake
engineering.

Summary and Conclusions

This paper presents a comprehensive and yet simple version of the
SANICLAY model built on the basis of its original more complete
but also more complex formulation, which is described in Dafalias
et al. (2006) and Taiebat et al. (2010). This model includes a
number of key mechanisms that are essential in the prediction
of response in clays, such as anisotropy and destructuration, in
a simplified approach with the hope to make it attractive for real

Table 3. Summary of Simulation Results from FLAC3D and Newmark
Sliding-Block Analyses

Max. displ. (m)

Description FS ac Newmark (average)a FLAC3D

No degradation

of strength

2.65 0:32 g 0.99 0.85b

Fully degraded

strength

1.87c 0:17 g 1.66 —

Destructuration — 0:32� 0:17 g 1.48 (δr ¼ 0:2 m) 1.12d

1.36 (δr ¼ 0:4 m)

1.26 (δr ¼ 0:6 m)

Fully degraded

strength

1.46e 0:09 g 2.20 —

Destructuration — 0:32� 0:09 g 1.87 (δr ¼ 0:2 m) 1.22f

1.66 (δr ¼ 0:4 m)

1.51 (δr ¼ 0:6 m)
aThe average of computed displacements using the acceleration time
histories ax;u and ax;d (Fig. 15).
bSANICLAY with Si ¼ 1 or ki ¼ 0.
cIn Eq. (17) p0d is used instead of p0, where p0d ¼ p0=Si and Si ¼ 1:5.
dSANICLAY with Si ¼ 1:5 and ki ¼ 0:6.
eIn Eq. (17), p0d is used instead of p0, where p0d ¼ p0=Si and Si ¼ 2:0.
fSANICLAY with Si ¼ 2:0 and ki ¼ 0:6.
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Fig. 16. Comparison of the time histories of horizontal displacement ux
using Newmark sliding-block method (with the acceleration time
histories ax;d and ax;u, see Fig. 15) and SANICLAY model in FLAC3D:
(a) constant ac in Newmark method and no destructuration in SANI-
CLAY model; (b) variable ac in Newmark method and destructuration
in SANICLAY model (Si ¼ 1:5)
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applications. Capabilities of the main features of the model have
been validated against a number of laboratory results in the writers’
recent publications. The model without the destructuration features
uses only two more parameters than the classical MCC model, and
as a result it can capture the very important K0 consolidation re-
sponse, which the MCC is unable to provide, and the anisotropic
effect induced by it. Destructuration can be accounted at the
expense of two additional parameters, and this is very important
for sensitive clays’ response. The model has been efficiently inte-
grated into the FLAC3D program, which is known in both the
research and practical communities of geotechnical engineering
and especially in the field of geotechnical earthquake engineering.
The implementation details have been extensively verified in the
numerical framework. The general 3D implementation in this
framework allows the developed framework to be used 3D fully
coupled dynamic analysis of clay deposits and dynamic soil-
structure interaction problems with arbitrary soil geometry and
general 3D structures.

To demonstrate the importance of a number of key features of
the model in simulation of boundary value problems, the resulting
numerical framework has been used in modeling the seismic
response in a slope problem. For simplicity of discussions, a 2D
section of a slope created by 3D elements has been studied. The
model acquires the reduced form of the classical MCC model
by setting proper model constants. The influence of anisotropy
and destructuration mechanisms in the simulation of the boun-
dary-value problem has been demonstrated in this numerical study
by repeating the analysis with these mechanisms activated and
deactivated. When anisotropy and destructuaration are deactivated,
in which case the model becomes the classical MCC model, the
analysis may underpredict the rate of accumulation and the final
level of plasticity that manifest in the developed permanent shear
strains and the resulting deformations. This also includes the level
of excess pore pressures developed owing to volumetric shear
strains in the model and could be of interest in certain problems.

Comparison of the rigorous finite-difference results with a
modified version of Newmark, in which the yield acceleration is
gradually reduced as block sliding progresses during the earthquake,
and the striking sensitivity of the results to this feature, emphasize
the importance of inclusion of strain softening (destructuration) in
the analyses. A similar trend was observed by Kaynia (2009) using a
ID model of seismic response of slopes with strain-softening
behavior to highlight the significance of strain softening in perfor-
mance-based design in geotechnical earthquake engineering

Additional refinements of the model to more efficiently account
for cyclic loading applicable to seismic problems and maintaining
its simplicity are under way. However, the present framework meets
a good portion of the practical needs, particularly in the offshore
designs.
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