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A B S T R A C T

Seismic site response analysis (SSRA) is typically performed considering only one horizontal component of
earthquake excitation. In many cases, however, two or three components are needed for the analysis to properly
account for the true multidirectional nature of seismic loading. In this type of analysis, it is essential to use
multiaxial constitutive models that can realistically describe the stress-strain response of soils. Development and
validation of such constitutive models are essential steps toward this goal. Fortunately, a large quantity of
experimental data from multidirectional cyclic shear tests is available and can provide physical basis for vali-
dating such models. This paper focuses on evaluation of two members of the SANICLAY and SANISAND families
of constitutive models for simulating the response of clay and sand, respectively, when subjected to multi-
directional cyclic shearing. The models have anisotropic elasto-plastic formulation, within the framework of
critical state soil mechanics, and follow the bounding surface plasticity theory. They are calibrated and evaluated
against experimental data on Gulf of Mexico clay and Monterey No. 0/30 sand in undrained multidirectional
cyclic shear tests, including linear, circular/oval, and figure-8 loading paths. This study provides a basis for
evaluation of the capabilities of these models in multidirectional shearing, thereby paving the way towards
future applications in multidirectional SSRA.

1. Introduction

In recent decades, the destructive nature of earthquakes on
constructed facilities has led to extensive research focused on the
dynamic properties of soil. Direct simple shear (DSS) test has been
chosen as a close configuration to model the plane strain condition
and the rotation of principal stress axes in soil [1]. In this test,
during the cyclic regime only one horizontal shear component is
exerted on the specimen. With or without an offset static shear
stress in the same direction as the cyclic shear stress, this uni-
directional shear mode can be used to replicate the response of soil
subjected to one-dimensional propagation of shear waves. In the
field, however, shear wave propagation is multidirectional. Even if
the vertical component of the seismic loading is neglected, there
exist two horizontal shear components as depicted in Fig. 1(a), and
neglecting one of them can potentially lead to underestimation of
seismic demand. To mimic the response of soil element under level
or sloping grounds, when subjected to multidirectional cyclic
shearing, a number of more sophisticated devices for simulating the
multidirectional cyclic shearing have been established, developed
and refined over the years [2,1,3–7]. These apparatuses are very

useful in generating a comprehensive experimental database for
evaluation of various constitutive models in such complex loadings.

The soil sample in a multidirectional cyclic shear test goes
through two loading stages. The first one, referred to as con-
solidation stage, is to reproduce the corresponding in situ state of
soil cconsolidated under level or sloping grounds as shown in
Fig. 1(a). For modeling the initial condition of soil under a level
ground (away from a slope), a soil element is consolidated verti-
cally with the lateral normal strains constrained; this is typically
referred to as K0 condition. For the soil element under the sloping
ground, in addition to the above normal consolidation, an offset
consolidation shear stress τc perpendicular to the strike direction of
the slope is also exerted on the element, as depicted in Fig. 1(b)
with blue dashed arrow; this is referred to as anisotropic con-
solidation and denoted as Kα condition. Here = ′α τ σ/c vc is the nor-
malized magnitude of the offset consolidation shear stress, i.e., the
ratio of τc and initial effective vertical stress ′σvc applied on the top
plane of the element. A good equivalent interpretation of the ratio α
is static stress ratio (SSR) [8], analogous to the widely-used nota-
tion cyclic stress ratio (CSR) used to represent the normalized
magnitude of cyclic shearing. It should be noted that this Kα only
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defines the aforementioned anisotropic consolidation condition,
different from the well-known Kα correction used in liquefaction
triggering analysis. A simpler case of initial condition for the first
loading stage, but perhaps less realistic in the nature, is isotropic
consolidation of the sample set-ups of Ishihara and Yamazaki [2]
and Ishihara and Nagase [9]. Accounting for all these possibilities
in laboratory tests, there are three kinds of consolidation stages
depending on whether the specimen is consolidated under isotropic,
K0 or Kα conditions, and these conditions are denoted by CI, CK0
and CKα, respectively. Among these stages, only CKα would result in
non-zero SSR.

The second loading stage is referred to as cyclic shearing stage.
During seismic excitation on level or sloping grounds, the vertically
propagating shear waves within the soil profile induce irregular
dynamic shearing in soil. This irregular shear loading may be sim-
plified by introducing an equivalent time history of harmonic
shearing, denoted by τ t( )cyc . Similar to the irregular dynamic
loading, τ t( )cyc can change in both magnitude and orientation. With
the coordinate system shown in Fig. 1(a), i.e., the x-axis along the
strike direction of the slope, the y-axis perpendicular to that and
along the slope projection on the horizontal plane, and the z-axis
being vertical, the τ t( )cyc can be resolved into two orthogonal
components, τ xcyc, and τ ycyc, , as depicted in Fig. 1(c). After the initial
consolidation stage shown in Fig. 1(b), the cyclic shear paths from
the two orthogonal cyclic shear components are to be applied in the
element test as shown in Fig. 1(c). It should be noted that for this
stage of element test, a stress controlled input is used in most of the
available multidirectional cyclic shear tests, except the ones by
Matsuda et al. [4,10–12], and Nhan and Matsuda [13] where the

input path is strain controlled.
Majority of the laboratory element tests are performed under

either drained or undrained conditions. The rapid nature of seismic
excitation does not allow enough time for dissipation of pore
pressure in the in situ state of soil, thereby requiring that laboratory
tests be performed under undrained conditions to mimic the idea-
lized field condition. To the authors' knowledge, almost all the
multidirectional cyclic shear tests in the literature are carried out in
undrained condition. Assuming a fully saturated condition and a
nearly incompressible response for both water and solid grains of
soil, to model the undrained condition the volume of the specimen
should be kept constant during the cyclic shearing stage. With the
lateral normal strains constrained, a constant volume condition can
be achieved either by keeping the height of the dry specimen h( )0

constant (“constant height” test) or by closing the drainage valve of
the saturated specimen (“truly undrained” test). The former manner
is very common in DSS testing where the top face of the specimen is
only allowed to deform along one shear direction while the latter
one is adopted in the multidirectional cyclic shearing test where the
top face can move with variable shear directions as shown in
Fig. 1(d) with shadows referring to the deforming directions. More
details about the equivalence of the “constant height” and “truly
undrained” DSS tests are presented in [14]. Note that the state re-
flected in Fig. 1(d) should be referred to as “multidirectional cyclic
shear” instead of “multidirectional cyclic simple shear” as some-
times seen in the literature, because the typical adjective “simple”
implies plane strain condition, which does not apply to the multi-
directional cyclic shearing [15]. There are known concerns and
limitations common between the DSS and the multidirectional
cyclic shear test, mainly related to the non-uniformity of stresses
and strains, and equalization of pore pressures. One should keep in
mind these limitations when judging the results obtained from these
tests.

A number of requirements have to be met in a constitutive model
for its application in the simulation of multidirectional cyclic shear
response of soils. The most basic one is having the constitutive
model formulated in the multiaxial space based on proper tensorial
formulation. This is because this type of loading involves variations
of both magnitude and orientation of the principal stress compo-
nents, and therefore simplistic constitutive models such as those
formulated for plane strain condition would not be applicable.
Other important requirements needed for proper modeling of any
cyclic loading in soils, are proper mechanisms for reproducing the
soil stiffness and strength, coupling between the volumetric and
deviatoric responses, and addressing the changes of soil stiffness in
the unloading and reloading sequences.

The next sections are focused on the evaluation of two advanced
plasticity models in simulating multidirectional cyclic shear test.
These are members of the Simple ANIsotropic CLAY and SAND fa-
milies of plasticity models, which are more briefly referred to as
SANICLAY and SANISAND, respectively. First, an overall experi-
mental database of the multidirectional cyclic shear tests available
in the literature are summarized and presented in Section 2. Then
details about the selected experiments to be simulated in this paper
are presented in two tables. In Section 3, background and highlights
of the two selected bounding surface constitutive models for mod-
eling the cyclic response of clay and sand are presented along with
discussion on their similarities and differences. Calibrations of the
models are presented in Section 4 based on some monotonic and
simple cyclic tests, which indicates the capabilities of these two
models in capturing the stress-strain behavior of clay and sand
subjected to conventional loading conditions. In Section 5, the
corresponding model simulations for the multidirectional cyclic
shear tests are presented and compared with the experimental re-
sults. Discussion about the performance of the models in the so
called neutral loading paths, very common in majority of classical

Fig. 1. Multidirectional properties of seismic loading in real field: (a) seismic
loading, (b) consolidation stage, (c) cyclic shearing stage, (d) element in ex-
perimental tests, and (e) stress-strain relationship.

M. Yang et al. Soil Dynamics and Earthquake Engineering 124 (2019) 230–258

231



elastoplasticity models, is presented at the end.

2. Multidirectional cyclic testing data

2.1. Available experimental database

Based on the offset shear applied during the consolidation stage of
the multidirectional cyclic shear test in combination with the ampli-
tudes, frequencies, and phase angle differences of the two harmonic
cyclic shear components applied during the shearing stage, different
types of shearing paths can be generated from this test. Eight types of

such multidirectional cyclic shear tests, all available in the literature,
are presented in the space of the shear components of stress or strain in
Fig. 2. In this figure, point O represents zero shear stress or strain states
prior to the initial consolidation stage. Point C along the x-direction
shows the state of the sample after the CI, CK0, or CKα consolidation
stage, represented in blue; at this stage the normalized magnitude of the
offset consolidation shear stress is given in terms of static stress ratio,
SSRx . Various undrained cyclic shear stress or strain paths are presented
in red, for which the normalized magnitudes of the cyclic shear stresses
along the x and y directions are given in terms of cyclic stress ratios,
CSRx and CSRy. Yang et al. [15] have elaborated how these shearing

Fig. 2. Cyclic shearing paths summarized in Yang et al. [15] during cyclic shearing stage: (a) 1-D linear path, (b) 2-D linear path, (c) circular/oval path, (d) figure-8
type A path, (e) figure-8 type B path, (f) rotated oval path, (g) alternate path, and (h) sector path.

Table 1
Experimental database for multidirectional cyclic shear tests on clays and sands.

Shearing path Initial state Material Source

1-D linear path CKα Gulf of Mexico clay Rutherford [18]
2-D linear path CKα Gulf of Mexico clay Rutherford [18]
Circular/oval path CK0 Gulf of Mexico clay Rutherford [18]

CKα Gulf of Mexico clay Rutherford [18]
Figure-8 type A path CK0 Gulf of Mexico clay Rutherford [18]

CKα Gulf of Mexico clay Rutherford [18]
Figure-8 type B path CK0 Gulf of Mexico clay Rutherford [18]

CKα Gulf of Mexico clay Rutherford [18]
Rotated oval path CK0 Kaolinite clay Matsuda et al. [12], Nhan and Matsuda [13]

Tokyo bay clay Matsuda et al. [12], Nhan and Matsuda [13]
Kitakyushu clay Matsuda et al. [12], Nhan and Matsuda [13]

Sector path CK0 Soft clay Nie et al. [19]

1-D linear path CKα Sacramento River sand Boulanger et al. [16]
Monterey No. 0/30 sand Kammerer et al. [17]

2-D linear path CKα Sacramento River sand Boulanger et al. [16]
Monterey No. 0/30 sand Kammerer et al. [17]

Circular/oval path CI Fuji River sand Ishihara and Yamazaki [2]
CK0 Monterey No. 0/30 sand Kammerer et al. [17]
CKα Monterey No. 0/30 sand Kammerer et al. [17]

Figure-8 type A path CK0 Monterey No. 0/30 sand Kammerer et al. [17]
CKα Monterey No. 0/30 sand Kammerer et al. [17]

Figure-8 type B path CK0 Monterey No. 0/30 sand Kammerer et al. [17]
CKα Monterey No. 0/30 sand Kammerer et al. [17]

Rotated oval path CK0 Toyoura sand Matsuda et al. [10,4]
GBFS Matsuda et al. [10,4]

Alternate path CI Fuji River sand Ishihara and Yamazaki [2]
Sector path CK0 North Sea sand Rudolph et al. [7]
Irregular path CI Fuji River sand Ishihara and Nagase [9]
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paths can be produced based on the mathematical expressions of the
two shear components in the top plane of the sample. Some general
information about the related available tests in the literature on clays
and sands are summarized in Table 1.

The 1-D linear path, as shown in Fig. 2(a), is the traditional
unidirectional cyclic shear test (commonly known as DSS), which
may also include an initial offset shear stress in the same direction
as the subsequent undrained cyclic shearing. This type of tests has
been conducted by many researchers on different types of soil, and
there is a wealth of data available on that [e.g., [16–18], as pre-
sented in Table 1]. When the undrained cyclic shearing is applied
perpendicular to the direction of initial offset shear stress, the
shearing path is denoted by 2-D linear path, as shown in Fig. 2(b).
This type of shearing dates back to Boulanger et al. [16] on Sa-
cramento River sand and later was adopted by Kammerer et al. [17]
on Monterey No. 0/30 sand and Rutherford [18] on Gulf of Mexico
clay.

Circular/oval path in Fig. 2(c) is first reported by Ishihara and
Yamazaki [2] on Fuji River sand sample under CI condition. Later,
such path was applied on Monterey No. 0/30 sand [17] and Gulf of
Mexico clay [18] under CK0 and CKα conditions. Figure-8 type A
and figure-8 type-B are two non-trivial shearing paths, as shown in
Figs. 2(d) and (e), respectively. They are first reported in the ex-
periments on Monterey No. 0/30 sand [17] and then on Gulf of
Mexico clay [18]. Fig. 2(f) shows another non-trivial path named
rotated oval as used by Matsuda et al. [4,10–12], and Nhan and
Matsuda [13] on a number of clays and sands. Experiments with the
so-called alternate path shown in Fig. 2(g) are reported by Ishihara
and Yamazaki [2] on Fuji River sand under CI condition. Finally
Fig. 2(h) presents a case where only the orientation of the planar
shear stress magnitude continuously changes. This type of shearing
has been adopted on North Sea sand [7] and a soft clay [19], with
both cases being under CK0 condition.

Aside from these, Ishihara and Nagase [9] have reported applying the
reproduced shearing paths from real earthquakes on Fuji River sand spe-
cimen under CI condition, as listed in Table 1. There are also some other
complex paths such as half-circular/oval path and cropped figure-8 path in
[17], which for brevity are not illustrated in Fig. 2 or listed in Table 1.

2.2. Experimental tests for this study

From the described types of shearing paths, Table 1 includes two rela-
tively rich groups of multidirectional cyclic shear tests on clay and sand: the
tests on Gulf of Mexico clay by Rutherford [18], and the ones on Monterey
No. 0/30 sand by Kammerer et al. [17]. Considering their details, these two
groups of laboratory tests appear to be suitable for the performance eva-
luation of various constitutive models for multidirectional cyclic shearing of

clay and sand. Particularly the sand database has been shared publicly by
the authors where they provide all the experimental data online, from
which such an evaluation study benefits extensively.

Details of all of the multidirectional cyclic shear tests that are si-
mulated in this study are listed in Tables 2 and 3 for clay and sand,
respectively. To numerically replicate the initial state of each sample, at
least the initial void ratio ein and the initial stress state are required for
each case. All of these tests are carried out under either CK0 or CKα
condition. In the initial consolidation stage, as the soil specimen is
consolidated with lateral normal strains constrained, the initial con-
solidation effective vertical stress is denoted by ′σvc and the normalized
magnitude of initial offset shear stress along the x-direction is denoted
by SSRx . In order to simulate the experiments more accurately, in some
cases a small value of SSRy is also considered as reported in Tables 2 and
3. For cyclic shearing stage, the quantities of CSR along the x and y
directions, and the number of loading cycles are listed in the two tables.

3. Constitutive models

Constitutive models describing stress-strain response of geomaterials are
predominantly developed based on the macroscopic observations made in
typical laboratory element tests (e.g. triaxial or DSS tests). Some of these
models are purely empirical, while others are developed on the basis of
certain theoretical frameworks, such as elastoplasticity. Some models are
quite simple and have only a few parameters, with clear physical meanings,
and are easy to calibrate, while others are more sophisticated and have a
relatively larger number of model parameters that require availability of
detailed laboratory test data for the calibration. It should be noted that not
all the parameters have to have a direct physical meaning, because after all
they are “model parameters”. Ideally, a model should have a balance be-
tween the simplicity of its formulation and the representativeness of the
intended material response. The choice of a proper constitutive model in an
application largely depends on the type of loading and the nature of the
governing aspects of the response in the loading of interest.

Over the last three decades a number of classes of constitutive models
have been developed for soils. Some have been developed mainly to address
certain aspects of response in monotonic loading, and some others mainly
target the response in cyclic loading. Some are developed considering only
the simpler plane strain condition of loading, and some others include the
complete tensorial nature of stresses and strains. These models have shown
various levels of success in capturing the response of soils in typical plane
strain or axisymmetric loading conditions such as those in the DSS or
triaxial tests. However, studies on evaluation of the constitutive models in
multidirectional cyclic loading are very rare. This is understandable because
of the complex constitutive features needed for successful performance of a
model in such loading conditions.

The models considered in this study are from two classes of aniso-
tropic critical state bounding surface plasticity models, namely

Table 2
Simulated experimental tests on Gulf of Mexico clay.

Test type Test # e*in Consolidation stage Shearing stage

′σvc [kPa] SSRx SSRy CSRx CSRy N

1-D linear GOM-5 2.230 83.60 0.000 0.000 0.200 0.000 90
GOM-6 2.230 83.60 0.200 0.000 0.200 0.000 5
GOM-7 2.230 83.60 0.200 0.000 0.150 0.000 26

2-D linear GOM-8 2.230 83.60 0.200 0.000 0.000 0.200 14
Circular/

oval
GOM-10 2.230 83.60 0.000 0.000 0.200 0.200 13

GOM-11 2.230 83.60 0.200 − 0.060 0.200 0.200 7
GOM-12 2.230 83.60 0.200 − 0.030 0.150 0.150 28

Figure-8
Type A

GOM-13 2.230 83.60 0.000 − 0.040 0.200 0.200 12

GOM-14 2.230 83.60 0.200 0.000 0.200 0.200 3
GOM-15 2.230 83.60 0.200 0.000 0.150 0.150 11

*ein is the void ratio prior to the initial consolidation stage.

Table 3
Simulated experimental tests on Monterey No. 0/30 sand.

Test type Test # e*in Consolidation stage Shearing stage

′σvc [kPa] SSRx SSRy CSRx CSRy N

1-D linear ms66cyck 0.617 73.24 0.290 0.000 0.510 0.000 10
ms67cyck 0.579 77.65 0.150 0.000 0.480 0.000 10

2-D linear ms20cyck 0.665 76.75 0.101 0.022 0.000 0.234 35
ms61cyck 0.668 82.58 0.141 0.029 0.000 0.254 50

Circular/
oval

ms44cyck 0.651 84.52 0.025 0.007 0.232 0.397 18

ms35cyck 0.655 87.91 0.094 0.030 0.233 0.118 20
ms59cyck 0.696 54.66 0.216 0.009 0.192 0.376 20

Figure-8
Type A

ms33cyck 0.692 84.67 0.016 0.008 0.240 0.118 14

ms38cyck 0.668 88.11 0.086 0.024 0.227 0.118 15
ms52cyck 0.661 75.30 0.472 − 0.017 0.490 0.244 25

*ein is the void ratio prior to cyclic shearing stage.
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SANICLAY and SANISAND, developed and improved over the years for
capturing the response of clay and sand. A brief summary of the
background and features of each class, and the versions used in the
present study is presented in this section.

3.1. SANICLAY

SANICLAY is the name for a class of Simple ANIsotropic CLAY
plasticity models. The class originates from the work of Dafalias [20]
who proposed anisotropic extension of the Modified Cam-Clay (MCC)
model by incorporating an anisotropic variable in the work dissipation
equation, leading to a plastic potential function. The resulting plastic
potential surface in the triaxial p-q space, which for associative plasti-
city serves also as a yield surface, is a rotated and distorted ellipse.
Later, by using a non-associated flow rule, Dafalias et al. [21] extended
the earlier work to allow the simulation of softening response under
undrained compression following oedometric consolidation. This was
when the name SANICLAY was first adopted for this class. Although the
SANICLAY model was able to capture anisotropy as well as softening
response in soft clays, it did not have enough means to capture the loss
of structure in loading of natural sensitive clays. Taiebat et al. [22]
proposed a versatile extension of the SANICLAY model by incorporating
two distinct mechanisms for modeling of destructuration: isotropic and
frictional. They also generalized the SANICLAY model itself from its
previous form by additional dependence of the yield surface to a stress
Lode angle. The formulation of the model and its structured general-
ization are structured in a modular way, so that some of its features can
be turned off when not needed.

Up to this point, for stress changes inside the yield surface the
SANICLAY models included only elastic deformations. Taiebat et al.
[23] employed the bounding surface concept along with radial mapping
rule in an efficient and practical version of the SANICLAY model with
non-associated flow rule and destructuration in triaxial space, to permit
plastic deformations for stress changes even within the yield surface
(contrary to classical plasticity) and thereby to better simulate the
stress-strain response under both monotonic and cyclic loading condi-
tions. The work was improved by Seidalinov and Taiebat [24] who used
an evolving projection center and a damage parameter for successful
simulations of undrained cyclic triaxial tests and presented the model in
full multiaxial formulation. They showed that updating projection
center, used for projecting current stress onto the bounding surface
thereby providing image stress required for adopted bounding surface
formulation, is required for more realistic representation of clay stiff-
ness in unloading and reloading stages. The damage parameter in-
troduced in the model was shown to be beneficial for accumulating the
plastic deviatoric strains with the number of cycles. This latest version
of the model is used in the present study for modeling the response of
clay, and is referred to with the generic name of SANICLAY hereafter.

Other extensions of the model include different yield surface shapes
[25], different rotational hardening rules [26,27], and accounting for
rate-dependency using Perzyna's overstress theory [28]. For simplicity
these extensions are not considered in the present study as their focus
has been essentially on monotonic loading.

Schematic diagram of the SANICLAY model in the principal stress
space is shown in Fig. 3. The model consists of the bounding, critical
state, and plastic potential surfaces as illustrated in this figure. The
bounding surface, that replaces the traditional yield surface, can change
in size (isotropic hardening), and rotate/distort (rotational hardening).
The plastic potential defines the flow rule, i.e., coupling between plastic
volumetric and deviatoric strain increments. It shares the same aniso-
tropy line with the bounding surface and passes through the image
stress. Out of these three surfaces, only the critical state and plastic
potential surfaces are Lode angle dependent. The image stress is located
using a radial mapping rule, projecting current stress from a projection
center on the bounding surface. Projection center is updated at each
stress reversal and evolves with the evolution of bounding surface in

order to maintain its relative position within it.

3.2. SANISAND

SANISAND is the name for a class of Simple Anisotropic SAND
constitutive models. The class originates from a simple and elegant
formulation of two-surface plasticity model developed by Manzari and
Dafalias [29]. The modeling approach is based on the framework of
critical state soil mechanics, and the bounding surface plasticity plat-
form. The operation of the bounding surface takes place in the devia-
toric stress-ratio space, and the state parameter of Been and Jefferies
[30] is used to define the peak and dilatancy stress ratios, and to unify
the description of response in a wide range of pressures and densities
with the same set of model parameters. Using this concept and a small
stress-ratio based yield surface, the model includes features such as
hardening or softening, and tendency for dilation or contraction, that in
undrained loading would result in variations of mean effective stress
and pore water pressure. Based on the simple and attractive foundation
of this model, various extensions have been developed over the years.
These include accounting for evolving fabric dilatancy by Dafalias and
Manzari [31], inherent fabric anisotropy by Dafalias et al. [32], plastic
strain in constant stress-ratio loading by Taiebat and Dafalias [33]
(where the name SANISAND was first adopted), anisotropic critical
state theory by Li and Dafalias [34], and zero purely elastic domain by
Dafalias and Taiebat [35]. The work by Manzari and Dafalias [29] re-
presents the core of the constitutive model and the above-referenced
subsequent works present additional constitutive ingredients. To in-
volve fewer model parameters and for simplicity, the version of the
SANISAND model with evolving fabric anisotropy by Dafalias and
Manzari [31] is considered as the basic candidate for the numerical
simulations in the present study, along with an overshooting correction
scheme described by Dafalias and Taiebat [35], and is referred to with
the generic name of SANISAND hereafter.

Schematic diagram of the selected SANISAND model in the principal
stress space is shown in Fig. 4. In the stress space, the model consists of
a narrow open Lode angle independent cone-type yield surface, and
three concentric Lode angle dependent bounding, classical critical, and
dilatancy surfaces as illustrated in this figure. The yield surface has a
fixed opening size and is allowed to rotate in the stress space (rotational
hardening), which underpins cyclic plasticity. For constant stress ratio
paths, only elastic strains take place as stress state remains inside the
yield surface. The bounding surface formulation mathematically guar-
antees a smooth transition from the purely elastic domain to the elas-
toplastic domain. The dilatancy surface shares the same idea with the
phase transformation line in the laboratory findings, within and outside

Fig. 3. Schematic diagram of the SANICLAY model in the principal stress space.
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which the response is contractive and dilative, respectively. The
opening sizes of these latter surfaces are determined through the state
parameter, with the critical state envelope acting as an attractor. For a
state parameter of zero, both surfaces coincide with the critical state
envelope.

3.3. Comparison

The selected versions of SANICLAY and SANISAND models similarly
adopt the classical Lode angle dependent critical state theory, i.e., un-
ique existence of critical state in the space of mean effective stress, p,
and void ratio, e. The bounding surface formulation in both models
relies on the stress reversals as an indication for initiation of new
loading process enabling both of these models to mimic the change of
stiffness in unloading and reloading events as observed in experiments.
However, distance dependence of plastic modulus in their bounding
surface formulation differs in the sense that SANICLAY uses measure-
ment of Euclidean distance in the stress space, while SANISAND uses
measurement in the stress ratio space. This is a result of a basic dif-
ference between clay and sand behaviors based on their simplified
idealization; i.e. clays as assemblies of soft particles and sands as as-
semblies of hard particles. In clays, plasticity can take place for loading
in any loading direction, i.e. either with changes of stress ratio or with
constant stress ratio, while in sands plasticity usually takes place for
changes of stress ratio, as long as particle crushing mechanism is not
involved. Another substantial difference between these two models is
the flow rule that determines plastic strain increments. In SANICLAY,
the flow rule is explicitly defined by means of plastic potential whose
gradient provides the direction of plastic strain increment and thereby
the ratio between its volumetric and deviatoric counterparts. In SANI-
SAND, however, there is no explicit definition of plastic potential; in-
stead the dilatancy surface is used for defining the plastic volumetric
strain increment, and a deviatoric non-associated flow rule is in-
troduced for the plastic deviatoric strain increment in the stress ratio
space. Specific features are present in SANICLAY and SANISAND
models with some success for reproducing strain softening and cyclic
liquefaction, respectively, as observed in the experiments. In SANIC-
LAY, a scalar-valued damage parameter is used evolving with magni-
tude of plastic deviatoric strains. The damage parameter directly affects
plastic modulus, and consequently plastic volumetric and deviatoric
strain increments. In SANISAND, fabric dilatancy tensor is used evol-
ving with the plastic volumetric strain increment with respect to the
loading direction. The fabric dilatancy tensor directly affects the con-
traction tendency in reverse loading that follows dilation regime.

These two models have shown reasonable performance in

reproducing some aspects of response in both monotonic and cyclic
response of clays and sands, mainly in triaxial loading conditions [e.g.,
[31,21,36,22,24]]. The validation studies are however still limited, and
need to be expanded to a broader range of loading conditions. With this
background in mind, in the present study these models are calibrated
and used for evaluation of their performance in a number of very
complex multidirectional cyclic shearing scenarios with reference to the
tests described in the previous section.

4. Calibration of the models

The SANICLAY and SANISAND models are calibrated using experi-
mental data of Gulf of Mexico clay [37,18] and Monterey sand [38,17],
respectively. The calibration process in each case is briefly discussed in
this section, with emphases on the parameters responsible for cyclic
loading simulations. The parameters are calibrated essentially against a
cyclic 1-D linear test (DSS) in each case, and then the calibrated models
are used in the next section for simulations of various multidirectional
cyclic shear tests in the corresponding database.

4.1. Gulf of Mexico clay

The Gulf of Mexico clay database used in this study is from a testing
program at the University of Texas, Austin [18]. Detailed description of
sampling and geotechnical characterization of the tested undisturbed
samples is available in [38,17]. The deposits in the area from which
samples were taken consist of uniform surficial highly plastic Holocene
clays. Samples were retrieved from 30 different locations with varying
degrees of seabed sloping. As the shallower samples were too soft, the
testing program was performed on samples below 7m depth. The
plasticity index for these samples was in the range of 40–55, consisting
of 51–72% of clay particles.

In addition to multidirectional cyclic shear tests, which are of direct
interest in the present study, Rutherford [18] also conducted constant
rate of strain consolidation tests of the samples, and using Casagrande's
graphical method estimated a pre-consolidation stress of around 72 kPa.
Murali [37] also conducted a series of undrained monotonic triaxial
tests on these samples starting from either isotropic or K0 consolidation
states. Calibration of the model parameters is following the process
described by Seidalinov and Taiebat [24], unless otherwise specified.
The calibrated model parameters are presented in Table 4. The slopes of
the normal consolidation and the rebound lines in the e– pln space,
denoted by λ and κ, respectively, are calibrated from the constant rate
of strain consolidation tests. The experimental data is available in
e– σln a space and the procedure described by Taiebat et al. [22] is fol-
lowed to transform the data into the e– pln space. The critical state
stress ratios Mc and Me, corresponding to the triaxial compression and
extension, respectively, are calibrated from undrained triaxial com-
pression and extension tests on CK0 specimens sheared from stress
states corresponding to a range of OCR values. The stress ratio N at the
apex of the bounding surface is calibrated from the stress path recorded
for undrained triaxial compression test on CK0 normally consolidated

Table 4
Model parameters of SANICLAY for Gulf of Mexico clay.

Model parameters Symbol Value

Elasticity κ 0.06
ν 0.2

CSL λ 0.247
Mc 1.1
Me 0.81

Bounding surface N 1.1
h0 80
ad 4

Rotational hardening C 3
x 1.75

Fig. 4. Schematic diagram of the SANISAND model in the principal stress space.
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specimen. Due to unavailability of K0-unloading, preceded by K0-con-
solidation test, the Poisson's ratio =ν 0.2 is assumed. The model
parameter x, used for saturation of anisotropy during constant-η

loading, is estimated using standard equation used in SANICLAY family
models and K0 value obtained using Jacky's equation with = °ϕ 28
corresponding to the calibrated Mc and Me values.

Fig. 5. Simulation versus experiment in undrained 1-D linear test GOM-5 on CK0 consolidated sample of Gulf of Mexico clay: (a) experiment [18] and (b) simulation.
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Fig. 6. Simulations vs experiments in undrained triaxial compression tests on isotropically consolidated samples of Monterey No. 0 sand: (a) experiments [42] and (b)
simulations.
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Fig. 7. Simulation vs experiment in undrained direct simple shear tests on CK0 samples of Monterey No. 0/30 sand with =D 75%r : (a) experiment [38] and (b)
simulation.
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The experimental data of Gulf of Mexico clay used in this study is
limited to fast cyclic loading tests with the frequency of the cyclic
shearing in the range of 0.1–0.2 Hz. Fast cyclic shearing of clay leads to
apparent increase of its stiffness and strength. The model is rate in-
dependent and therefore does not have a mechanism to account for
such increase. Without that, the shear strength of the model may not be
sufficient to sustain the intended shear stress amplitudes in the stress-
controlled cyclic shearing simulations; hence the simulations may
quickly lead to the critical state and infinite shear strains without even
reaching the desired shear stress amplitudes. To prevent this problem, a
virtual increase of the size of the bounding surface is adopted in all
simulations in order to partially account for this shortcoming of the
model. Through iterative procedure it is found that for these cyclic
loading simulations the initial p0 should be increased by at least by a
factor of 1.5, and therefore this factor is adopted for all of the present
cyclic loading simulations.

The bounding surface parameters, h0 and ad, are calibrated by fit-
ting the model simulation to the stress-strain loops of the 1-D linear test
GOM-5 (see Table 2). The corresponding simulation using the fitted
values of bounding surface parameters is shown in Fig. 5 and compared
with the corresponding experimental data. More details about the
model calibration and simulation of the consolidation loading history
are presented in Seidalinov [39].

4.2. Monterey No. 0/30 sand

The Monterey No. 0/30 sand database used in this study is from a
testing program at the University of California, Berkeley [38,17]. To
calibrate the model parameters of SANISAND, both monotonic and
cyclic tests are required. The above reference database however only
includes unidirectional and multidirectional cyclic shear tests. Al-
though the Monterey No. 0/30 sand was also used as the standard la-
boratory testing sand at the University of Colorado, Boulder [40,41], it
has been reported by Wu [38] that this type of Monterey No. 0/30 sand
at the University of Colorado is substantially different from the sand at
the University of California, Berkeley. In view of unavailability of
monotonic tests on Monterey No. 0/30 sand, undrained monotonic
triaxial tests on Monterey No. 0 sand from Riemer [42] are chosen for
the calibration because both materials show the similarity in the re-
spective gradation curves [38]. In this case, most of the parameters
except fabric dilatancy parameters, zmax and cz, which are pertinent to
cyclic loading simulations, are calibrated based on Monterey No. 0
sand. For calibration of the fabric dilatancy parameters unidirectional
cyclic shear tests from Wu [38] on Monterey No. 0/30 sand are used.

The detailed calibration procedure for SANISAND model parameters
has been expounded by Taiebat et al. [36]. Based on the small strain
domain of the deviatoric stress and axial strain curves provided in [42]

from several monotonic triaxial compression tests, an initial estimate is
made for the shear modulus coefficient G0. Based on the critical state
information from monotonic triaxial compression tests, the model
parameters related to the critical state line (CSL) are found from curve
fitting. Some other model parameter are typically found by a trial-and-
error procedure for matching certain aspects of stress-strain response;
e.g., ν, m, nd, A0, nb, h0 and ch are found from monotonic loading, and
zmax and cz from cyclic loading. In the present study, given the con-
siderable size of the experimental database, instead of using the in-
efficient trial-and-error procedure, an optimization algorithm by Liu
et al. [43] is used for faster and better calibration of these model
parameters. With the CSL parameters fixed and an initial guess on G0,
plus reasonable guesses on the initial value and bounds of the other
model parameters except cz and zmax related to cyclic test, three un-
drained triaxial compression tests are chosen to build the objective
function. The optimization result is shown in Fig. 6. Later, cz and zmax
are determined by trial and error procedure on dozens of cyclic DSS
tests from [38]. An example of the results of the calibration procedure
on cyclic DSS test is presented in Fig. 7. This set of results belong to a
specimen consolidated underCK0 to ′ =σ 85 kPavc with a relative density

=D 75%r and then subjected to undrained DSS with =CSR 0.447. The
complete list of the calibrated parameters is given in Table 5.

For the above mentioned cyclic loading scenarios on Monterey sand
and the subsequent multidirectional simulations presented in the next
section, the initial conditions considered for the numerical simulations
are that of the end of the consolidation stage from the experiments. In
other words, the initial consolidation stage is not simulated by SANI-
SAND. This is partly because it is usually difficult to obtain the sample
information such as the void ratio prior to the initial consolidation
stage. In addition this version of SANISAND does not consider effects
from the initial fabric, so there is not much point in trying to simulate
the sample state during the consolidation stage. As the lateral normal
stresses are not measured in the experiments, to account for the initial
CK0 and CKα conditions an assumption is made that both initial lateral
normal stresses are equal to half of the initial effective vertical stress

′σvc, i.e., =K 0.50 for both types of samples.

5. Simulation results for multidirectional cyclic loading

Based on the parameters calibrated in the previous section, the
SANICLAY and SANISAND models are used here for illustration of their
simulative capabilities; each one in simulation of ten related multi-
directional cyclic shear tests. The simulated cyclic shear paths include
1-D and 2-D linear, circular/oval, and figure-8 type A. From the large
number of tests that are simulated, detailed results are presented for
only selected ones. Then selected aspects are the results for all of the
tests are summarized at the end.

Some of the presented results are in terms of shear stress magnitude
= +τ τ τx y

2 2 and shear strain magnitude = +γ γ γx y
2 2 . Of course in the

1-D linear path, these yield to =τ τx and =γ γx due to the absence of the
τy and γy components. In the presentation of the selected complete sets
of the results two layouts are considered, each consisting of four sub-
plots.

(i) For 1-D and 2-D linear paths, normalized stress path ( ′τ σ/ vc against
′ ′σ σ/v vc), and stress-strain path ( ′τ σ/ vc against γ) are plotted as the top

two subplots of the layout. Accumulation of pore pressure ratio
with number of cycles ( ′u σΔ / vc against N) and accumulation of shear
strain magnitude with number of cycles (γ against N) are plotted as
the bottom two subplots of the layout.

(ii) For circular/oval and figure-8 type A paths, normalized shear stress
path ( ′τ σ/y vc against ′τ σ/x vc), and shear strain path (γy against γx) are
plotted as the top two subplots of the layout. The bottom two
subplots of this layout are same as those used for 1-D and 2-D linear
paths.

Table 5
Model parameters of SANISAND for Monterey No.0/30 sand.

Model parameters Symbol Value

Elasticity G0 101
ν 0.039

CSL M 1.32
c 0.718
e0 0.849
λ 0.01
ξ 0.7

Yield surface m 0.03
Dilatancy nd 2.0

A0 0.213
Kinematic nb 2.5

Hardening h0 7.93
ch 1.14

Fabric dilatancy zmax 25
cz 1000
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Fig. 8. Simulation versus experiment in 1-D linear multidirectional cyclic shear test GOM-6 on Gulf of Mexico clay: (a) experiment [18] and (b) simulation.
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Fig. 9. Simulation versus experiment in 2-D linear multidirectional cyclic shear test GOM-8 on Gulf of Mexico clay: (a) experiment [18] and (b) simulation.
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The layout of the summary plots consists of accumulation of pore
pressure ratio with number of cycles ( ′u σΔ / vc vs. N), and accumulation
of shear strains with number of cycles (γx and γy vs. N). Due to un-
availability of the digitized data for Gulf of Mexico clay, summary plots
for simulation results for 1-D and 2-D linear paths are plotted together
in accordance with the corresponding experimental plots as presented
in the related reference.

5.1. Gulf of Mexico clay

For the Gulf of Mexico clay, ten sets of test results are considered for
evaluation of the SANICLAY model performance. These include three 1-
D linear, one 2-D linear, three circular, and three figure-8 type A shear
paths.

5.1.1. 1-D and 2-D linear stress paths
Aside from the 1-D linear path GOM-5 without initial shear stress

that was used for calibration of h0 and ad parameters in Section 4.1, a
complete set of simulation results for 1-D linear path GOM-6 with

=SSR 0.2x is shown in Fig. 8. The accumulation of the pore pressure in
the simulation follows a similar trend as that in the experiment with
increasingly larger amplitudes as the number of cycles increases for the
experiment. Shear strain γ also follows a very similar trend in the si-
mulation and the experiment. The amplitude of shear strain γ is si-
mulated close to the experiment as the number of cycles increases.

A complete set of simulation results for 2-D linear path GOM-8 with
=SSR 0.2x is shown in Fig. 9. The pore pressure ratio in the simulation

develops much faster than that in the experiment at the very beginning
of the cyclic loading, followed by a smaller accumulation trend after-
wards. In the experiment, however, the accumulation of pore pressure
is gradual and continues up to about the 14th cycle, after which the pore
pressure starts reducing. At the end of the 16th cycle, the model simu-
lates pore pressures that are about half of those in the experiment. The
trend followed by the shear strain accumulation in the simulation is

similar to that in the experiment with a minor difference in the rate of
accumulation.

Comparison between the results of simulations and experiments for
all of 1-D and 2-D linear stress paths are summarized in Fig. 10, in-
cluding results of GOM-5, GOM-6, GOM-7, and GOM-8. While the si-
mulations of pore pressure ratio are poor, accumulation of the shear
strain γx with the number of cycles is simulated relatively well for all of
the tests. Note that test data of GOM-5 is the one used for calibration of
the bounding surface model parameters.

5.1.2. Circular stress path
A complete set of simulation results for circular test GOM-11 with

=SSR 0.2x is presented in Fig. 11. The accumulation of the pore pres-
sure ratio is positive in the experiment but negative in the simulations,
with values that are outside the plotting limits; these are plotted se-
parately in Fig. 12 for all of the simulated circular stress paths. Shear
strains simulated by the model are following a slightly different trend
with well captured accumulation of the shear strain γx and over-
estimation of accumulation of the shear strain γy.

The results of the simulations and experiments for all circular
multidirectional cases are summarized in Fig. 13, including results of
GOM-10, GOM-11, and GOM-12. The model simulations of pore pres-
sure ratios are not in agreement with the experiments. For GOM-10
with =SSR 0x the problem is about the magnitude of pore pressure, but
for the other two cases with =SSR 0.2x it is also about the negative
(although small) rate of pore pressure simulated in the first few cycles.
In terms of the accumulation of shear strains in both directions, the
simulations for the GOM-11 and GOM-12 with =SSR 0.2x appear to be
very good, with more success for simulation of accumulation of shear
strain along the x direction that is the direction of the initial offset shear
stress. For these two cases, as expected the accumulation of shear
strains in the other direction is significantly smaller. For the GOM-10
with =SSR 0x , the shear strains in the experiments show higher and
increasing magnitude while the simulated ones appear to show smaller

Fig. 10. Simulations versus experiments in 1-D and 2-D linear multidirectional cyclic shear tests on Gulf of Mexico clay: (a) experiment [18] and (b) simulations.
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and nearly constant magnitude.

5.1.3. Figure-8 type A stress path
A complete set of simulation results for figure-8 type A test GOM-14

with =SSR 0.2x is shown in Fig. 14. The experimental results and the

model simulations are presented for only about three cycles of loading.
Despite the very complex nature of this loading path, the model si-
mulations are in very good agreement with the experimental results.
The pore pressure variation follows the same trend in the simulation as
in the experiment, with slightly smaller amplitude in the third cycle of

Fig. 11. Simulation versus experiment in circular/oval multidirectional cyclic shear test GOM-11 on Gulf of Mexico clay: (a) experiment [18] and (b) simulation.
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the simulation. The experimental results of the shear strains show
variation around =γ 0y and accumulations along the γx axis. The si-
mulation captures the trend but shows slight deviation from the ex-
periment with the accumulation of the shear strains in the negative γy
direction. The magnitude of shear strain is captured well with the
number of cycles.

The results of the simulations and experiments for all figure-8 type A
multidirectional tests are summarized in Fig. 15. Here, in contrast to the

circular stress path, the model simulates positive pore pressure ratios as
observed in the experiments but only at a smaller rate. In terms of the
accumulation of the shear strains, simulation of figure-8 test GOM-13
with =SSR 0x suggests smaller amplitudes compared to those of the
experiments, with proper residual trend for the γx and not the γy. The
simulation results for GOM-14 and GOM-15 with =SSR 0.2x are com-
parable qualitatively and quantitatively well with the experimental
results in terms of the accumulation of γx . This is also the case for si-
mulations of the accumulation of γy, with more success for GOM-14
with larger CSR values compared to GOM-15.

5.2. Monterey No. 0/30 sand

Simulations against experiment results for Monterey No. 0/30 are
provided next. The tests include two 1-D linear, two 2-D linear, three
circular/oval, and three figure-8 type A shear paths.

5.2.1. 1-D and 2-D linear stress paths
A complete set of simulation results for one 1-D linear path test

ms67cyck with initial static shear stress is presented in Fig. 16. The
model captures the contractive and dilative parts of various cycles, and
with a slightly faster pace than the experiment it reaches the non-
symmetric “butterfly” stress orbit where it better captures the cycles of
excess pore pressure variation. In terms of shear strains development,

Fig. 13. Simulations versus experiments in circular/oval multidirectional cyclic shear tests on Gulf of Mexico clay: (a) experiments [18] and (b) simulations.

Fig. 12. Initially negative accumulation of simulated pore pressure for circular
multidirectional cyclic shear tests: GOM-10, GOM-11 and GOM-12.
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the simulated stress-strain curve tends to shift along the initial static
shear stress direction with smaller amplitudes of oscillation than those
in the experiment. It appears that in the reverse loading cycles toward
decreasing of shear stress, the model does not generate as much reversal

strain as those observed in the experiment, and this is why the strain
path tends toward the positive shear strain direction.

Comparison between experiments and simulation results for the two
selected 1-D linear tests is summarized in Fig. 17, including results of

Fig. 14. Simulation versus experiment in figure-8 type A multidirectional cyclic shear test GOM-14 on Gulf of Mexico clay: (a) experiment [18] and (b) simulation.
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ms66cyck and ms67cyck. Simulations of pore water pressure are in
acceptable agreement with the experiments in terms of both accumu-
lation and oscillation, while simulations of shear strain γx overestimate
the observed pace of accumulation from the experiments for the two
CSRs.

A complete set of simulation results for a 2-D linear test ms61cyck is
shown in Fig. 18. The model is successful in simulating the trend of pore
pressure accumulations, although again a bit faster than the experi-
ments in the beginning of the cyclic loading. Given the shear stress path
shown in this figure, the simulated shear strain orbit reveals that the
model behaves softer than the experiment along the initial static shear
stress direction. Note that, with x and y referring to the intended slope
dip and strike directions, respectively, this type of loading can be seen
as a problem that an element of soil under a slope (hence under initial
shearing in the slope dip direction) is subjected to an unidirectional
earthquake along the slope strike direction. Similar to the experiment,
the simulation indicates that accumulation of considerable shear strain
should be expected along the slope dip direction, and it is insightful that
the model captures this phenomenon.

Comparison between experiments and simulation results for 2-D

linear tests is summarized in Fig. 19, including results of ms60cyck and
ms61cyck. Simulations of pore pressure are in good agreement with the
experiments in terms of the accumulation, but with slightly smaller
oscillation magnitudes in each cycle. For the shear strain along the
initial static shear stress direction γx , the average trend of the simula-
tions is good but the model behaves softer than the experiment. In
particular, after the first few cycles, the model seems to exhibit a nearly
constant shear stiffness for all subsequent cycles, while in the experi-
ment the stiffness appears to have an increasing trend with the number
of cycles. From those two experiments, it is easy to assert that the
mobilized maximum pore pressure ratio does not reach beyond 0.8 but
the accumulated shear strain can go beyond 10%. This contradicts a very
common assumption that large deformation is usually induced by li-
quefaction with pore pressure ratio of around 1.0.

5.2.2. Circular/oval stress path
A complete set of simulation results for a circular/oval test

ms35cyck with a medium SSRx is presented in Fig. 20. The model still
performs very well in capturing pore pressure accumulation, with a
slightly faster pace of reaching to the nearly locked orbits in each cycle.

Fig. 15. Simulations versus experiments in figure-8 type A multidirectional cyclic shear tests on Gulf of Mexico clay: (a) experiments [18] and (b) simulations. Note:
experimental data of figure-8 type B (black line in the experiment results) is not included in simulation results.
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Fig. 16. Simulations versus experiments in 1-D linear multidirectional cyclic shear test ms67cyck on Monterey No. 0/30 sand: (a) experiment [17] and (b) simu-
lation.
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The simulated strain orbit seems to deviate noticeably from the ex-
periment. One can argue that this may share the same reason with the
1-D linear case in Fig. 16 where the shear strain is not able to expand on
both sides. Nevertheless, careful examination of the resultant strain
shows that the model captures well the average strain in each cycle, and
the main problem there is missing the magnitude of the oscillations in
each loading cycle.

Experiments and simulation results for circular/oval multi-
directional cyclic shear tests are summarized in Fig. 21, including re-
sults of ms44cyck, ms35cyck, and ms59cyck. Model simulations of ac-
cumulation of pore pressure are quite similar to those observed in the
experiments, with slight under-prediction of the magnitude of the os-
cillations. As for two shear strains of γx and γy, the model exhibits very
good qualitative simulations on the development trend, but missing the
amplitude of the cycles as observed and discussed before. Roughly
speaking, for the element test without or with initial static shear bias,
i.e., ms44cyck, the simulated strain path tends to stay around zero
while the experiment produces shear strains oscillating around 0% and
increasing in magnitude up to about 10% for both γx and γy with the
number of cycles. For the element test with a medium SSRx , i.e.,
ms35cyck, shear strains can develop and accumulate to larger values.

5.2.3. Figure-8 type A stress path
A complete set of simulation results for a figure-8 type A test

ms38cyck with a medium SSRx is presented in Fig. 22. The results of the
model simulation with respect to the reported experiments, in terms of
both pore pressure and shear strains show similar trends as those ob-
served in the oval stress path of Fig. 20. Again here, the trend of the
average response in terms of both pore pressure and resultant shear
strain appears to be successful, however the oscillation magnitudes in
each cycle are not captured properly.

Experiments and simulation results for figure-8 type A multi-
directional cyclic shear test are summarized in Fig. 23, including results
of ms33cyck, ms38cyck, and ms52cyck. The whole picture tells a

similar story to circular/oval path in Fig. 21. The model performs very
well in simulating the average trend of the pore pressure generations,
and it under-predicts the magnitude of oscillations in each cycle of
loading. As for shear strain accumulation, the general trend is picked up
by all the three simulations, although for relatively small SSRx cases,
i.e., ms33cyck and ms38cyck, simulations could not produce the os-
cillations with large magnitude.

5.3. Summary

Selected versions of SANICLAY and SANISAND bounding surface
plasticity models were evaluated in modeling multidirectional cyclic
shear tests on Gulf of Mexico clay and Monterey No. 0/30 sand, re-
spectively. The shearing paths examined include 1-D and 2-D linear,
circular/oval and figure-8 type A. The total of twenty experiments ex-
amined reveal a lot of information about the complexity of the material
response and the capabilities and limitations of the two models. A
summarized comparison of the simulated and measured response for
these twenty tests are presented in Fig. 24. For each case, the com-
parison is made at the end of a selected cycle number as shown in the
legend of this figure. While the selected cycle numbers vary for the clay
tests (for which the digitized data of experiments was not available to
the authors), they are consistently selected as 10 for the sand experi-
ments. The results at the end of selected cycles are compared in terms of
pore pressure ratio and shear strains γx and γy. The horizontal and
vertical axes of each plot represent values from the experiments and
simulations, respectively, with the diagonal dashed line representing
the ideal situation of perfect match between the experimental and si-
mulation results. This method of comparing the experiments as simu-
lations at the end of selected loading cycles does not reveal many de-
tailed aspects of the cyclic response; yet it is a way of getting an overall
comparison in dealing with this extensive amount of information.

Performance of the SANICLAY model is summarized in Fig. 24(a).
Based on what is presented in this figure, and the detailed results

Fig. 17. Simulations vs experiments in 1-D linear multidirectional cyclic shear tests on Monterey No. 0/30 sand: (a) experiments [17] and (b) simulations.
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Fig. 18. Simulation versus experiments in 2-D linear multidirectional cyclic shear test ms61cyck on Monterey No. 0/30 sand: (a) experiment [17] and (b) simulation.
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presented in the previous figures, the observations can be summarized
as follows. In many of the simulation results, particularly those with

=SSR 0x the accumulation of pore pressure ratio is significantly under-
predicted. This could be attributed to the increased size of the bounding
surface prior to cyclic loadings, in order to indirectly account for the
rate effect from the fast cyclic loading used in the experiments, as
discussed under the calibration of the clay model. Model performance
in terms of accumulated shear strains is perceived as satisfactory with
enough room for further refinements of its simulative capabilities, in
particular for specimens with =SSR 0x values. Accumulated γx values
are somewhat under-predicted with the most deviations observed for
circular and figure-8 type A loadings on specimens with =SSR 0x . Ac-
cumulated γy values are in acceptable range, again except for figure-8
type A loading on specimens with =SSR 0x .

Performance of the SANISAND model is summarized in Fig. 24(b)
with the sampling points selected at cycle 10. The model simulates pore
pressure ratio in good agreement with the experiments except for the
circular/oval test ms59cyck, and figure-8 type A test ms52cyck, both
with large SSRx. The accumulated γx values are well simulated except
for the 1-D linear test ms66cyck where the model response is too soft,
and figure-8 type A test ms52cyck where the model could not capture
oscillations with large magnitude. The accumulated γy values are scat-
tered along 1:1 line but show the good trend. Note that almost all the
related points are located in the first and third quarters of the plot,
which means that simulation results share the same sign with the ex-
periments.

6. Evaluating the proximity to neutral loading

In an attempt of revealing potential shortcoming in the models, an
investigation is conducted next on the proximity of the applied stresses
to the neutral loading. Taiebat and Dafalias [44] recently pointed out
the stress reversal surface models and the generalized plasticity models
are not truly zero elastic range models, even when they are intended to

be, and they produce pure elastic response for the so called neutral
loading path that are normal to the “loading direction”. It should be
emphasized that in reality soils are not expected to exhibit purely
elastic response, and the neutral loading is merely an artificial response
of many constitutive models. The SANICLAY and SANISAND models
inherit the possibility of facing neutral loading condition as they fall in
the category of models with stress reversal surfaces. It is therefore in-
teresting to examine these models in the complex stress paths explored
in this study.

For the bounding surface formulation of SANICLAY, the neutral
loading would occur when the loading path σ̇ is tangential to the
loading surface =f 0, that is the surface passing through current stress
state σ and homologous to the bounding surface with the center of
homology represented by the projection center σc. In other words, the
neutral loading for SANICLAY takes place when ∂ ∂ =σ σf( / ): ̇ 0 with
∂ ∂σf / being a gradient of the loading surface in the generalized mul-
tiaxial stress space, σ̇ being the stress increment in the stress controlled
simulations, and : representing the inner product operator. For SANI-
SAND, the neutral loading would occur when the loading path r ̇ is
tangential to the yield surface in the stress ratio space. In other words,
the neural loading for SANISAND takes place when =n r: ̇ 0 with n
being a gradient of the yield surface in the stress ratio space and r ̇ being
the stress ratio increment in the stress controlled simulations.

In a complex loading path, one can quantify the proximity of the
model response to neutral loading by continuously examining the angle
Θ between the loading direction and the stress increment. When

= °Θ 90 , the neutral loading takes place and the model produces a
purely elastic response. For the multidirectional cyclic shear paths, the
variation of Θ is expected to be significant. For SANICLAY, Θ is the
angle between ∂ ∂σf / and σ̇ . For SANISAND, Θ is the angle between n
and r ̇. More specifically, for SANICLAY

= ∂ ∂ ∂ ∂σ σ σ σΘ f farccos [(( / ): ̇ )/( / ̇ )] where x represents the mag-
nitude of tensor x. In the formulation of SANICLAY with zero elastic
nucleus, whenever > °Θ 90 , the stress reversal takes place and the

Fig. 19. Simulations versus experiments in 2-D linear multidirectional cyclic shear tests on Monterey No. 0/30 sand: (a) experiments [17] and (b) simulations.
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Fig. 20. Simulation versus experiment in circular/oval multidirectional cyclic shear test ms35cyck on Monterey No. 0/30 sand: (a) experiment [17] and (b) si-
mulation.
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projection center is updated to that of current stress, thereby reducing
the angle Θ. In this way, ≤ °Θ 90 is expected to be the case in all of the
simulations of SANICLAY. The variations of Θ for selected 1-D linear,
circular, and the figure-8 type A paths are plotted in Fig. 25 for the first
7 cycles of loading. For 1-D linear path, ≈ °Θ 20 , suggesting that the
loading scenario is not close to the neutral loading condition. For cir-
cular paths, Θ varies between °45 and °90 for GOM-10, between °25 and

°90 for GOM-11. This pattern suggest that for the GOM-10 with
=SSR 0x a larger portion of applied stress path is close to the near

neutral loading. This observation is compatible with the model per-
formance in better simulation of the GOM-11 compared to the GOM-10.
For figure-8 type A path, the variation of Θ suggests that the applied
stress is predominantly away from the neutral loading. The angle Θ for
SANISAND is defined as n r n rarccos [( : )̇/( ̇ )]. In the formulation of
SANISAND, the finite size of the yield surface allows for having > °Θ 90
under elastic unloading until stress reversal is detected. The variations
of Θ for selected 1-D linear and 2-D linear, circular/oval, and figure-8
type A paths are plotted in Fig. 26 for the first 10 cycles of the loadings.
For all of the applied paths, the Θ is always far away from the neutral
loading. The oscillations of Θ are also much smaller for SANISAND si-
mulations than for SANICLAY.

This detailed evaluation shows that the SANICLAY formulation can

experience the unwanted scenario of proximity to neutral loading
condition in certain loading paths, while this does not seem to be the
case for SANISAND, at least for the loading paths explored here.

7. Conclusion

Over the years, the SANICLAY and SANISAND models have evolved,
and shown very good success in simulating the response in a number of
cyclic triaxial tests. These models already possess a number of
minimum requirements for their potential application in geotechnical
problems involving multidirectional cyclic loading. These requirements
include their multiaxial tensorial stress-strain formulation, proper re-
production of soil stiffness and strength, coupling between the volu-
metric and deviatoric responses, and addressing the changes of soil
stiffness in the unloading and reloading sequences.

In multidimensional cyclic shearing, SANICLAY appears to be more
successful in capturing the shear strains, while SANISAND is more
successful in capturing the pore pressure generation. They both have
room for improvement in these complex types of shearing with chan-
ging loading directions. In particular, reconsiderations are needed in
the coupling of the volumetric and deviatoric responses. SANICLAY
appears to underestimate the accumulation of pore pressure

Fig. 21. Simulations versus experiments in circular/oval multidirectional cyclic shear tests on Monterey No. 0/30 sand: (a) experiments [17] and (b) simulations.
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Fig. 22. Simulation versus experiment in figure-8 type A multidirectional cyclic shear test ms38cyck on Monterey No. 0/30 sand: (a) experiment [17] and (b)
simulation.
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(volumetric response) in most cases, while accumulation of shear
strains (deviatoric response) is simulated much better. SANISAND,
however, tends to produce better simulations for pore pressure accu-
mulation (volumetric response) but does not reflect the expansion of
shear strains orbit (deviatoric response). In general, both models appear
to be less successful for multidirectional cyclic shear tests with

≈SSR 0x , i.e. when initial shear stress is almost absent. One aspect of
SANICLAY that needs further investigation is addressing the deficiency
of nearly-neutral loading in stress increments nearly tangential to the
loading surface. The neutral loading does not seem to be the case for
SANISAND, however, the role of fixed and/or evolving fabric tensors
and their effects of the deviatoric responses should be further explored
in simulations of these complex shearing paths.

In view of the experiments, it must be noted that the assumptions
associated with the interpretation of the measured results can poten-
tially mislead the constitutive model evaluations.

Assuming the stress-strain response of laboratory element test as
actual representation of soil response under a certain loading at a point,
and using that for evaluation of constitutive models would be fair only
under uniform distribution of stresses and strains in the laboratory
element test. While uniform distribution of these variables is always

hypothesized in element tests, it is difficult, if not impossible, to impose
idealized boundary conditions that would ensure such uniformity. One
of the main deficiency of DSS testing is that complimentary shear
stresses on the sides of the specimen cannot be applied and thereby
homogeneous stress state cannot be guaranteed. The other limitation is
about equalization and uniformity of pore pressures particularly in clay
samples subjected to high frequency cycles of loading. Multidirectional
shear device inherits these shortcomings from its predecessor DSS de-
vice. Although there is a general agreement that with increased spe-
cimen diameter to height ratio non-uniformities of stress-strain redis-
tributions is reduced and pore water pressures are more better
equalized, these problems cannot be fully eliminated. In addition, dif-
ferent techniques in dealing with specimen could result in different
initial fabrics of tested soil.

The multidimensional cyclic shearing is very complex and deserves
considerable attention from both laboratory and constitutive modeling
perspectives. The success of multidimensional numerical modeling in
problems such as earthquake wave propagation, and wind or wave
loading of nearshore and offshore structures, is contingent to im-
provements on testing and modeling of the material response. This is an
interesting area of research that is still in early stages of development.

Fig. 23. Simulations versus experiments in figure-8 type A multidirectional cyclic shear tests on Monterey No. 0/30 sand: (a) experiments [17] and (b) simulations.
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Fig. 24. Simulations versus experiments at the selected points of loading for different types of multidirectional cyclic shear tests on Gulf of Mexico clay (a) and
Monterey No. 0/30 sand (b) (Points close to 1:1 line suggests that the corresponding simulation result is close to experiment and vice versa for the points away from
1:1 line).
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Fig. 25. SANICLAY: the angle Θ between the gradient of the loading surface ∂ ∂σf( / ) and the stress increment σ( ̇ ) for cyclic tests simulations. Red circles indicate
occurrence of stress reversal during the increment.
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Fig. 26. SANISAND: the angle Θ between the gradient of the yield surface in the stress ratio space n( ) and the stress ratio increment r( )̇ for cyclic tests simulations.
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