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ABSTRACT 
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 true 

multi-directional nature of seismic loading. In this type of analysis, it is essential to use multi-axial constitutive models 
that can realistically describe the stress-strain response of soils. A large quantity of experimental data from multi-
directional cyclic shear tests is available and can provide physical bases for validating such models. This paper focuses 
on evaluation of two members of the SANICLAY and SANISAND family of constitutive models for simulating the 
response of clay and sand, respectively, when subjected to multi-directional cyclic shearing. These are two classes of 
simple anisotropic clay and sand plasticity models, both developed in the framework of critical state soil mechanics and 
bounding surface plasticity, for simulation of monotonic and cyclic responses of soils. The models are calibrated and 
evaluated against experimental data on Gulf of Mexico clay and Monterey No. 0/30 sand in undrained multi-directional 

cyclic shear tests, including linear, circular/oval, and figure-8 loading paths. This study provides bases for the evaluation 
of the capability of these models in reproducing the response of clays and sands subjected to multi-directional loading, 
thereby paving the way towards future applications in multi-directional 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 soils. Direct simple 
shear (DSS) test has been chosen as a close 
configuration to model the plane strain condition and the 
rotation of principal stresses in soils (Boulanger et al. 
1993). In this test, only one component of horizontal shear 
stress with harmonic cycles is exerted on the specimen 
during the cyclic regime. With or without a static horizontal 
shear stress superimposed in the same direction as the 

initial compression shear stress, the unidirectional shear 
mode can be used to replicate the response of soils 
subjected to one-dimensional propagation of shear wave. 
In the field, however, shear wave propagation is multi-
directional. Even with the vertical components of seismic 
loading neglected, there are two horizontal components 
as depicted in Figure 1(a), and neglecting one of them 
can potentially lead to underestimation of seismic 

demand. To mimic the response of soil, under both level 
and sloping grounds, when subjected to multi-directional 
shearing, a number of more sophisticated devices called 
multi-directional cyclic shear apparatus have been 
established, developed and refined (Ishihara and 
Yamazaki 1980; Boulanger et al. 1993; Kammerer et al. 
2002; Matsuda et al. 2004; Duku et al. 2007; Rutherford 
and Biscontin 2013; Rudolph et al. 2014). These types of 

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

Multi-directional cyclic shear tests go through two 
loading stages. The first one, referred to as compression 
stage, is to reproduce the corresponding loading scenario 
for soil compressed under level or sloping grounds as 
shown in Figure 1(a). For modeling the initial condition of 

soil beneath the level ground (away from the slope), a soil 
element is compressed with lateral normal strains 
constrained, i.e., K0 condition. For the soil element 

underneath the sloping ground, in addition to the above 
normal compression, an initial compression shear stress 
𝜏" perpendicular to the strike direction of the slope is also 

added in the element testing. This compression, with the 
offset shear stress depicted in Figure 1(b) as a blue 
dashed arrow, is named as anisotropic compression and 

denoted by Ka condition. Here a = 𝜏"/𝜎&"
'  is the 

normalized magnitude of the initial compression shear 
stress, i.e., the ratio of 𝜏" and the initial compression 

vertical effective stress 𝜎&"
' , both applied on the horizontal 

plane. A good equivalent interpretation of the ratio a is 

static stress ratio (SSR) (Yang and Pan 2017), analogous 
to the widely-used notation cyclic stress ratio (CSR) used 
to represent the magnitude of cyclic shearing. It should be 

noted that the Ka only defines the aforementioned 

anisotropic compression condition, different from the well-

known Ka correction used in liquefaction evaluations. A 
simpler but perhaps less realistic case (in nature) of initial 

condition is the isotropically compressed samples set up 
by Ishihara and Yamazaki (1980) and Ishihara and 
Nagase (1988). Accounting for all these possibilities, in 
laboratory tests, there are three kinds of compression 
stages depending on whether the specimen is 

compressed under isotropic, K0, or Ka conditions, and 

these conditions are denoted by CI, CK0, and CKa, 

respectively. Among these stages, only CKa, would result 

in non-zero SSR. 
The next 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 an irregular dynamic shearing in soil. 
This irregular shear loading may be simplified by 
introducing an equivalent time history of harmonic 



shearing, denoted by 𝜏"(" 𝑡 . Similar to the irregular 

dynamic loading, 𝜏"("(𝑡) can change in both magnitude 

and orientation, but with a fixed frequency. With the 
coordinate system shown in Figure 1(a), i.e., the x-axis 

along the strike direction of the slope, the y-axis 
perpendicular to that and along the slope direction, and 

the z-axis being vertical, the 𝜏"("(𝑡) can be divided into 

two orthogonal components of 𝜏"(",. and 𝜏"(",(, as 

depicted in Figure 1(c). After the initial compression stage 
shown in Figure 1(b), the cyclic shearing paths of the two 
orthogonal cyclic shear components are to be applied in 
the element test as shown Figure 1(c). It should be noted 
that for this stage of element test, a stress controlled input 

is used in most of the available multi-directional cyclic 
shear tests, except the ones by Matsuda et al. (2004, 
2011, 2013, 2016), and Nhan and Matsuda (2016) 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 experiments are 

performed under undrained conditions to mimic the 
drainage condition in the field. To the authors’ knowledge, 
almost all multi-directional shear tests in the literature are 

carried out in undrained condition. More specifically, to 
model the undrained condition, the volume of the 
specimen is kept constant during the shearing stage in 
these tests. With lateral normal strains constrained, 
constant volume is maintained by either keeping the 
height of the specimen (ℎ0) constant (“constant height” 

test) or closing the drainage lines (“truly undrained” test) 
while the top face of the specimen is allowed to shear 
along the horizontal directions, as shown in Figure 1(d) 
with shadows referring to the two orthogonal shear 

directions. In this case, the state of stress and strain is 
termed as the “multi-directional cyclic shear” test instead 
of the “multi-directional cyclic simple shear”, where the 
typical adjective of simple, which implies plane strain 
condition and may only be applicable to the unidirectional 
shearing, is dropped. It should be noted that Dyvik et al. 
(1987) demonstrated that “constant height” test is 
equivalent to “truly undrained” test. 

The main concern with the multi-directional shear 
tests, inheriting shortcomings from the DSS tests, is 
attributed to non-uniform distribution of stresses and 
strains due to no control over the complimentary shear 
stresses on the sides of the specimen. Despite such non-
uniformities, the reported shear stresses and strains are 
the average values over the top/bottom boundaries of the 
specimen. The same, however, cannot be true for pore 

pressures measured during “truly undrained” test at the 
boundaries due to permeability acting as a controlling 
factor. Thus, even with non-uniform distribution of 
stresses and strains, it is possible to achieve equalization 
of pore pressure if sufficient time is allowed during the 
shearing process by applying the loading cycles with 
sufficiently small frequencies. Rapid nature of seismic 
loading requires laboratory tests to be performed rapidly 
to account for the rate effect when applicable for a 

material. As a result, the time may potentially be 
insufficient for the pore pressure equalization. This is of 
more concern for low permeability soil materials. A 
general agreement among researchers (e.g., Franke and 
Kiekbusch 1979, Vucetic et al. 1982, Roscoe et al. 1958, 
Budhu and Britto 1987) is that increased diameter to 
height ratio reduces non-uniformity in distribution of 
stresses and strains. This is also beneficial for pore 

pressure measurements, as increased ratio also reduces 
time required for pore pressure equalization.  

A number of requirements have to be met by a 
constitutive model for its application in the simulation of 
multi-directional cyclic shear response of soils. A 
constitutive model formulated in the multi-axial space is 
the basic requirement for simulating stress-strain behavior 
of soils under generalized loading conditions. In general, 

this type of loading involves variations of both the 
magnitude and the orientation of principal stress 
components. Hence, a tensorial formulation is necessary 
to perform the simulations. Another required feature that a 
constitutive model should possess to properly describe 
stress-strain response of soils is coupling between the 
volumetric and deviatoric responses. Also, in addition to 
proper reproduction of soil strength, the term of cyclic 
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loading suggests that a constitutive model should be able 
to properly address the change in soil stiffness in 
unloading and reloading sequences. The next sections 

are focused on the evaluation of two advanced plasticity 
models in multi-directional cyclic shearing. These are 
members of the Simple ANIsotropic CLAY and SAND 
family of plasticity models, that are more briefly referred to 
as SANICLAY and SANISAND, respectively. First, from 
the view of experiments, based on the previous work of 
the authors (Yang et al. 2016), all of the multi-directional 
cyclic shear tests in the literature are summarised in 

Section 2, including specific shearing types and an overall 
experimental database in representative figures and 
tables. Then details about the experimental tests to be 
modelled in this paper are listed in two tables. In Section 
3, the general review of constitutive modeling is discussed 
and a quick introduction of two selected constitutive 
models to simulate cyclic response of clay and sand is 
given along with discussion on their differences. 
Calibrations of evaluated models are presented in Section 

4 in terms of monotonic and some simpler cyclic tests, 
which indicates the capabilities of these two models in 
capturing the stress-strain behaviors of clay and sand 
subjected to conventional loading conditions. In Section 5, 
simulation results of the multi-directional cyclic shear tests 
are presented and compared with the experimental 
results. Discussion and summary are provided in the last 
section. 

 
 
2 MULTI-DIRECTIONAL CYCLIC TESTING DATA 
 
2.1 Available experimental database 
 
In terms of two horizontal cyclic shear components during 
cyclic shearing stage, different shearing paths can be 

generated. With the information of compression stage, 
eight types of multi-directional cyclic shear tests in the 
literature are presented in Figure 2 in the space of the 
shear components of stress of strain. Here, point O 
represents zero stress or strain states prior to the initial 
compression stage. After the specimen is compressed 

under CI, CK0, CKa conditions, the state moves from point 

O to point C along x-direction and the end of the path 

reveals normalized magnitude of the initial compression 
shear stress given in terms of static stress ratio, SSRx, if 
this stress exists; or otherwise SSRx=0. Details on exact 
initial state for each experimental test are given in Table 
1. 

Undrained cyclic shearing stage starts from point C. 

Yang et al. (2016) have elaborated how the eight shearing 
paths can be produced based on mathematical 
expressions. The 1-D linear path, as shown in Figure 2(a), 
is the traditional unidirectional cyclic shear test (commonly 
known as DSS) with an initial offset shear stress in the 
same direction to the subsequent cyclic shear stress. It 
has been conducted by many researchers on different 
types of soil. For completion, Table 1 lists all 1-D linear 

tests emerging in the literature which are related to the 
multi-directional cyclic shear test (Boulanger et al. 1991; 
Kammerer et al. 2002; Rutherford 2012). When the 
subsequent cyclic shearing is applied perpendicular to the 

initial compression shear stress, the shearing path is 
denoted by 2-D linear path, as shown in Figure 2(b). This 
type of shearing dates back to Boulanger et al. (1991) on 

Sacramento River sand and later is adopted by 
Kammerer et al. (2002) on Monterey No. 0/30 sand and 
Rutherford (2012) on Gulf of Mexico clay. 

Circular/oval path in Figure 2(c) is first reported by 
Ishihara and Yamazaki (1980) on Fuji River sand sample 
with CI condition prior to the multi-directional cyclic shear 
test. Along with that, alternate path in Figure 2(g) is also 
exerted on the same material. Later, circular/oval path is 

applied on Monterey No. 0/30 sand (Kammerer et al. 
2002) and Gulf of Mexico clay (Rutherford 2012) where 

samples are under CK0 and CKa conditions. Two non-

trivial shearing paths, as shown in Figure 2(d,e), are 
termed by figure-8 type A and figure-8 type-B paths, 
respectively. They first come out in the experiments on 
Monterey No. 0/30 sand (Kammerer et al. 2002) and then 
Rutherford (2012) applies these shearing paths to Gulf of 
Mexico clay. Figure 2(f) termed as rotated oval path is 
used by Matsuda et al. (2004, 2011, 2013, 2016), and 

Nhan and Matsuda (2016) on a wide range of clays and 
sands with measurements of accumulation of only pore 
pressure. Figure 2(h) presents one case where the 
change only happens in the orientation of the horizontal 
total shear stress without change in the magnitude. This 
type of shearing has been adopted by Rudolph et al. 
(2014) on North Sea sand and Nie et al. (2015) on Soft 
clay.  

In addition, Ishihara and Nagase (1988) also 
considered applying the exact shearing paths from real 
earthquakes on Fuji River sand specimen 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 Kammerer et al. (2002), which 
are not illustrated in Figure 2 and not listed in Table 1. 

 
2.2 Experimental tests for this study 

 
From previously described types of shearing paths, Table 
1 includes two relatively rich groups of multi-directional 
cyclic shear tests on clay and sand: Rutherford (2012) on 
Gulf of Mexico clay, and Kammerer et al. (2002) on 
Monterey No. 0/30 sand. The latter group provides all the 
experimental data online, from which this study benefits 
extensively. In consideration of details of the tests 

provided by the authors, these two groups of experimental 
tests are ideally suitable for the performance evaluation of 
various constitutive models. 

All the multi-directional cyclic shear tests that are 
simulated in this paper are listed in Table 2 and Table 3 
for clay and sand, respectively. To replicate all the testing 
procedures numerically, the initial void ratio ein and the 
initial state of stress is required for each test. In the initial 

compression stage, as the soil specimen is compressed 
with lateral normal strain constrained, the initial 
compression vertical stress is denoted by 𝜎&"

'  and the 

normalized magnitude of initial compression shear stress 
along x-direction is denoted by SSRx. For cyclic shearing 
stage, the quantities of CSR along the x-direction and y-
direction and the number of loading cycles are given in 
the tables. 



 
 

 
 
 

 
 

 
 

(a) 1-D linear path 
 

 
(b) 2-D linear path 
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Figure 2. Cyclic shearing paths summarized in Yang et al. (2016) during cyclic shearing stage. 
 
 

Table 1. Experimental database for multi-directional cyclic shear tests on clays and sands. 
 

Shearing path Initial state Material Source 

1-D linear path CKa Gulf of Mexico clay Rutherford (2012) 

2-D linear path CKa Gulf of Mexico clay Rutherford (2012) 

circular/oval path CK0 Gulf of Mexico clay Rutherford (2012) 

 CKa Gulf of Mexico clay Rutherford (2012) 

figure-8 type A path CK0 Gulf of Mexico clay Rutherford (2012) 

 CKa Gulf of Mexico clay Rutherford (2012) 

figure-8 type B path CK0 Gulf of Mexico clay Rutherford (2012) 

 CKa Gulf of Mexico clay Rutherford (2012) 

rotated oval path CK0 Kaolinite clay Matsuda et al. (2016), Nhan and Matsuda (2016) 
  Tokyo bay clay Matsuda et al. (2016), Nhan and Matsuda (2016) 

  Kitakyushu clay Matsuda et al. (2016), Nhan and Matsuda (2016) 
sector path CK0 Soft clay Nie et al. (2015) 

1-D linear path CKa Sacramento River sand Boulanger et al. (1991) 

  Monterey No. 0/30 sand Kammerer et al. (2002) 

2-D linear path CKa Sacramento River sand Boulanger et al. (1991) 

  Monterey No. 0/30 sand Kammerer et al. (2002) 

circular/oval path CI Fuji River sand Ishihara and Yamazaki (1980) 
 CK0 Monterey No. 0/30 sand Kammerer et al. (2002) 

 CKa Monterey No. 0/30 sand Kammerer et al. (2002) 

figure-8 type A path CK0 Monterey No. 0/30 sand Kammerer et al. (2002) 

 CKa Monterey No. 0/30 sand Kammerer et al. (2002) 

figure-8 type B path CK0 Monterey No. 0/30 sand Kammerer et al. (2002) 

 CKa Monterey No. 0/30 sand Kammerer et al. (2002) 

rotated oval path CK0 Toyoura sand Matsuda et al. (2004, 2011) 
  GBFS Matsuda et al. (2004, 2011) 
alternate path CI Fuji river sand Ishihara and Yamazaki (1980) 

sector path CK0 North Sea sand Rudolph et al. (2014) 
irregular path CI Fuji river sand Ishihara and Nagase (1988) 
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3 CONSTITUTIVE MODELS FOR CYCLIC 

RESPONSE OF SOILS 
 
Constitutive models describing stress-strain response of 
geomaterials are predominantly developed based on the 
macroscopic observations made in 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 classical 
elastoplasticity or hypoplasticity. Some models are quite 
simple and have parameters with very clear physical 
meanings (e.g., Poisson’s ratio and friction angle) that are 
easy to comprehend and calibrate, while others are more 
sophisticated and have a relatively larger number of 

model parameters that require availability of more 
advanced laboratory test data for the calibration. Not all 
model parameters have to have a clear physical meaning, 
because after all they are “model parameters”, and not 
material constants. Ideally, a model should have a 
balance between 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 during 
that loading of interest.  

A number of constitutive models have been developed 
for the simulation of response of soils subjected to cyclic 
loading. According to the type of formulation, these 
models can be divided into plane strain and multi-axial 

models. The former models are developed only for the 
plane strain condition, and therefore cannot describe 
general stress and strain states. These models are 
typically developed based on the DSS testing data. Some 
examples of these models are UBCHYST (Naesgaard 
2011), UBCSAND (Beaty and Byrne 2011), PM4Sand 
(Boulanger and Ziotopoulou 2013), and SimpleDSS 

(Pestana and Biscontin 2000). These models are often 
developed with the volumetric and deviatoric stress-strain 
responses coupled under certain assumptions. In the 
category of the multi-axial constitutive models, however, 
the formulation incorporates full tensors of stress and 
strain that may be used to describe the general stress and 
strain states, with coupling of the volumetric and 
deviatoric responses. Many of these models are 

developed as multi-axial extensions of simpler 
formulations initially developed for the triaxial stress-strain 
response. Although many of these models show 
satisfactory performance in various triaxial loading 
conditions, their predictive capabilities are very rarely 
tested in the multi-directional loading. As the goal of this 
paper is to evaluate the performance of two constitutive 
models in multi-directional cyclic loading, only constitutive 

models developed in the multi-axial formulation are 
discussed next. 

First a brief overview of some of the available plasticity 
theories is provided. The overview is by no means 
exhaustive and it is only provided to demonstrate the 
general framework of the two models selected for this 
study. Then a review of the stress based constitutive 

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

Shearing path Test # 𝑒23* 
Initial compression stage Cyclic shearing stage 

𝜎&"
' [kPa] SSRx CSRx CSRy N 

1-D linear Ms66cyck 0.62 73.3 0.29 0.51 0.00 10 
 Ms67cyck 0.60 77.6 0.15 0.48 0.00 10 

2-D linear Ms50yck 0.68 84.1 0.23 0.00 0.43 40 

 Ms56cyck 0.64 83.0 0.39 0.00 0.46 45 

Circular/oval Ms31cyck 0.66 76.2 0.00 0.26 0.27 20 

 Ms46cyck 0.65 90.4 0.11 0.24 0.23 25 
 Ms69cyck 0.59 77.7 0.25 0.24 0.48 25 
Figure-8 type A Ms42cyck 0.67 90.7 0.03 0.40 0.21 15.5 

 Ms51cyck 0.67 83.5 0.23 0.44 0.22 20 
 Ms52cyck 0.66 75.3 0.47 0.50 0.25 25 
1-D linear Ms66cyck 0.62 73.3 0.29 0.51 0.00 10 

 

*𝑒23 is the void ratio prior ot the initial compression stage. 
 

Table 2. Simulated experimental tests on Gulf of Mexico clay. 

Shearing path Test # 𝑒23* 
Initial compression stage Cyclic shearing stage 

𝜎&"
' [kPa] SSRx CSRx CSRy N 

1-D linear GOM-5 2.23 83.6 0.00 0.20 0.00 90 
 GOM-6 2.23 83.6 0.20 0.20 0.00 5 
 GOM-7 2.23 83.6 0.20 0.15 0.00 26 

2-D linear GOM-8 2.23 83.6 0.20 0.00 0.20 14 

Circular/oval GOM-10 2.23 83.6 0.00 0.20 0.20 13 
 GOM-11 2.23 83.6 0.20 0.20 0.20 7 
 GOM-12 2.23 83.6 0.20 0.15 0.15 28 

Figure-8 type A GOM-13 2.23 83.6 0.00 0.20 0.20 12 
 GOM-14 2.23 83.6 0.20 0.20 0.20 3 
 GOM-15 2.23 83.6 0.20 0.15 0.15 11 

 

*𝑒23 is the void ratio prior to the initial compression stage. 
 



models, that include evaluated models, used for the 
description of stress-strain response of soil subjected to 
cyclic loading is presented to establish their main 

differences in simulations of cyclic loading. This is 
followed by a brief description and discussion on the 
differences of the two constitutive models. 

 
3.1 Brief overview of plasticity theories 

 
According to Batdorf (1949), plasticity of materials 

historically has been described using deformation theory 

of plasticity (Hencky 1924; Nadai 1931; Ilyushin 1963) 
and flow theory of plasticity (e.g., Hill 1950; Prager 1955). 
The deformation theory of plasticity is based on the 
assumption that the state of stress is uniquely determined 
by the state of strain. In contrast, flow theory of plasticity 
is based on the assumption that the increment of stress is 
uniquely determined by the state of stress and the 
increment of strain. Experimental observations of soil 
behavior suggest that history of stress strongly influences 

material response. Therefore, flow theory of plasticity is 
considered only and hereafter referred to as plasticity. 

A number of plasticity theories have been developed 
over the last decades. Plasticity theories known to the 
authors can be listed as classical plasticity, hypoplasticity, 
and endochronic plasticity. These theories are developed 
based on different assumptions and often involve 
thermodynamic considerations used for their formulation. 

With the choice of plasticity theories one often faces a 
situation where the problem of identification of appropriate 
constitutive relation from test data available does not have 
a unique solution (Bazant 1978). Each of these theories 
has advantages and disadvantages. It is therefore 
important to acknowledge the existence of different 
plasticity framework and perhaps learn from their points of 
strength. 

In the classical plasticity, plastic strain increment is a 
function of state variables only and is independent of the 
loading direction, while in the hypoplasticity the plastic 
strain increment also depends on the loading direction 
(Dafalias 1986). The latter is incrementally nonlinear as 
the loading direction set by change in stress is the 
unknown. Endochronic plasticity in this sense is similar to 
classical plasticity and considers the plastic strain 

increment independent from the loading direction (Bazant 
1978). In endochronic plasticity, just like in hypoplasticity, 
plastic response is smooth, i.e., there is a smooth 
transition between loading, neutral loading, and 
unloading. In classical plasticity, however, this is not 
possible due to artificial splitting between elastic and 
elastoplastic responses (Einav 2012). This has been 
illustrated by means of “inelastic stiffness locus” (ISL) 
proposed by Bazant (1978) and is defined as a locus of all 

strain increments which for a given initial state has the 
same magnitude of plastic strain increment. ISL for 
classical plasticity, is a straight line implying that plastic 
strain increments cannot be simulated in neutral loading, 
i.e. ISL extends to infinity. In contrast, ISL for enochronic 
plasticity, is a circle implying that plastic strain increments 
can be produced in neutral loading. Certain modifications 
in endochronic plasticity are considered to avoid ISL 

centered around initial stress state (Bazant 1978; Valanis 

and Lee 1984; Valanis and Peters 1991), which is not 
expected to be the case for soil response (e.g., Lewin 
1970; Smith et al. 1992). ISL for hypoplasticity is similar to 

those produced by endochronic plasticity with circle 
replaced by a shifted ellipse (Wu and Kolymbas 2000). In 
addition to different class of plasticity theories, constitutive 
models can also be classified based on their formulation 
as those defined in the stress space, and those defined in 
the strain space. The stress space formulation is used in 
classical plasticity theory where yield criterion is defined in 
the stress space. The yield surface separates elastic 

response from the elastoplastic one. This includes soil 
models such as Modified Cam-Clay (Roscoe and Burland 
1968) and its anisotropic extensions SANICLAY model 
(Dafalias et al. 2006) with plastic potential derived from a 
work dissipation assumption. A number of hyperplasticity 
models are formulated in the strain space. These 
constitutive models are developed from the hypotheses 
about the form of an energy potential and a dissipation 
function (Collins and Houlsby 1997; Houlsby and Puzrin, 

2000; Likitlersuang and Houlsby 2006). Hypoplasticity and 
endochronic models are formulated in the strain space. 
These models are worked out by construction of a single 
constitutive equation relating the stress rate as a function 
of strain rate (Kolymbas 1988; Kolymbas 1991). However, 
recent works on hypoplasticity are formulated as a mix 
between stress and strain spaces (e.g. Fuentes and 
Triandafyllidis 2015; Fuentes et al. 2017). Endochronic 

models deal with the plastic response of materials by 
means of memory integrals expressed in terms of 
memory kernels which contain the essence of the material 
(Valanis and Lee 1984; Valanis and Peters 1991).  

The stress space formulated models that are used for 
cyclic loading simulations can be categorized as multi-
yield surface models, bubble model, and bounding 
surface models. Multi-yield surface models include a 

series of surfaces that progressively increase in size, one 
enclosing the other (Iwan 1967; Mroz 1967, 1969). 
Piecewise constant work-hardening moduli corresponding 
to each surface allows the simulation of inelastic strains 
inside the outer-most surface, where the stiffness 
depends on the outer-most active surface. Such models 
are successfully used in cyclic loading applications as 
they are able to store cyclic loading history for the stress 

paths within the outer-most surface. However, these 
models require storage of a finite number of successive 
yield surfaces for a better replication of cyclic response of 
a material. Bubble models incorporate inner yield locus 
inside outer yield locus with the former translating within 
the latter such that the outward normal for the two 
coincide (Al-Tabaa and Wood 1989). These models have 
been tested in cyclic loading with a small number of 
cycles and their performance with a larger number of 

cycles for stress paths within the outer yield locus is 
unknown. Bounding surface models allow for the smooth 
transition from elastic to elastoplastic strains as the stress 
state moves from the so-called projection center toward 
the bounding surface (Dafalias 1986b). The main 
difference is that for the bounding surface formulation the 
history of loading is kept by means of point of stress 
reversal while for the bubble models the history of loading 

is kept through the yield locus alone. It is believed by the 



authors that keeping stress reversal as an indication of 
history of loading is more representative. This feature, 
however, could lead to potential overshooting of stress-

strain response for which some partial remedies are 
proposed in the literature. 

In addition to being formulated in the multi-axial stress 
and strain spaces, all these models include coupling 
between volumetric and deviatoric response and account 
for the stress-strain history of a material, in order to 
successfully simulate cyclic loading. While these models 
have shown various degrees of success in modeling the 

cyclic triaxial or DSS tests, to the authors’ knowledge 
there have been only a very limited, if any, studies on the 
performance of these models in the multi-directional cyclic 
tests. In this paper, such evaluation is performed on two 
members of the SANICLAY and SANISAND families of 
constitutive models that adopt the concept of bounding 
surface formulation. 

 
3.2 SANICLAY and SANISAND models 

 
Two members of the SANICLAY and SANISAND class of 
constitutive models are evaluated here in simulations of 
the multi-directional cyclic shear tests listed in Table 2 
and Table 3, respectively. These two plasticity models 
share the same theoretical framework of critical state 
theory and bounding surface formulation. The respective 
similarities as well as their differences are highlighted 

here after a brief introduction for each constitutive model. 
SANICLAY is the name for a class of Simple 

ANIsotropic SAND constitutive models extended from the 
work of Dafalias (1986a), who proposed anisotropic 
extension of the Modified Cam-Clay (MCC) model by 
incorporation of anisotropic variable in the work 
dissipation equation used for establishing the plastic 
potential equation with the associative flow rule. Later, 

Dafalias et al. (2006) extended the model to include the 
non-associative flow rule for successful simulations of the 
softening response observed in undrained triaxial 
compression tests on specimens under K0 condition, and 
the name SANICLAY was first adopted. Taiebat et al. 
(2010a) also incorporated a destructuration mechanism 
which allowed simulations of softening due to loss of 
structure in natural clays. Recently Seidalinov and Taiebat 

(2014) combined SANICLAY model with the bounding 
surface formulation and used an evolving projection 
center and a damage parameter for successful 
simulations of undrained cyclic triaxial tests. 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 
stiffness in unloading and reloading stages. The evolution 

of projection center with the evolution of bounding surface 
is merely used for uniqueness of image stress on the 
bounding surface as suggested by Dafalias (1986b). 
Damage parameter introduced into the model is required 
to enable accumulation of plastic deviatoric strains with a 
number of cycles. This latest work by Seidalinov and 
Taiebat (2014) is used in the present study for modeling 
the response of clay, and is referred to with the generic 

name of SANICLAY. Interested readers are referred to 

the respective paper for details of SANICLAY model 
formulation.  

Schematic diagram of SANICLAY model in the 
principal stress space is shown in Figure 3. The model 
consists of Lode angle dependent bounding surface, 
critical state envelope, and plastic potential. Elliptical 
bounding surface replaces conventional yield surface in 

order to allow for plastic strains development for the 
stress states within it. The bounding surface can change 
in size (isotropic hardening), and rotate and distort 
(rotational hardening). Conical critical state envelope 
defines the stress state at which plastic volumetric strain 
increment is zero. Elliptical plastic potential defines the 
flow rule, i.e., coupling between plastic volumetric and 
deviatoric strain increments. It shares the same 

anisotropy line with the bounding surface and passes 
through an image stress. The image stress is located 
using 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 the bounding surface in order to maintain 
its relative position within it.  

SANISAND is the name for a class of Simple 
ANIsotropic SAND constitutive models extended from the 

original two-surface plasticity model developed by 
Manzari and Dafalias (1997). The modeling approach is 
based on the bounding surface plasticity platform, and 
within the frameworks of critical state soil mechanics, for 
unifying the description for any pressure and density. The 
class includes various extensions developed by Dafalias 
and Manzari (2004), Dafalias et al. (2004), Taiebat and 
Dafalias (2008), where the name SANISAND was first 

adopted, Li and Dafalias (2012), and Dafalias and Taiebat 
(2016). The work by Manzari and Dafalias (1997) 
represents the core of the constitutive model and the 
above-referenced subsequent works present additional 

 
 
Figure 3. SANICLAY model schematic diagram in 
principal stress space (where 𝜎44, 𝜎55, and 𝜎66 are not 

necessarily major, intermediate and minor principal 
stresses, respectively). 
 



constitutive ingredients. To involve fewer model 
parameters and for simplicity, the version of the 
SANISAND model with fabric change effects (Dafalias 

and Manzari, 2004) has been considered as the 
constitutive model for the sand in the present study. 
Interested readers are referred to the respective papers 
for details of SANISAND model formulation.  

Schematic diagram of SANISAND model in the 
principal stress space is shown in Figure 4. The model 
consists of yield surface, bounding surface, critical state 
envelope, and dilatancy surface. All of the surfaces are of 

open conical shape. The yield surface has fixed opening 
size and can rotate (rotational hardening). For constant 
stress ratio paths only elastic strains take place as the 
yield surface is not capped. Bounding surface along with 
the stress ratio tensor established at the moment of stress 
reversal allows for distance dependence of the bounding 
surface formulation. Dilatancy surface is defining a stress 
ratio state at which response transforms from contractive 
to dilatant such that within the surface the response is 

contractive and outside of the surface the response is 
dilative. The openings of bounding and dilatancy surfaces 
depend on the state parameter, with the critical state 
envelope acting as an attractor for those two surfaces. 
For a state parameter of zero, both surfaces coincide with 
the critical state envelope. 

SANICLAY and SANISAND models described above 
both adopt the critical state theory, i.e., existence of 

critical state in the stress space and void ratio, 𝑒, versus 

mean effective stress, 𝑝, plane. The definition of critical 
state that is Lode angle dependent is similar in both 

models suggesting that plastic volumetric strain increment 
is zero when stress state ends up simultaneously on the 
critical state envelope and the bounding surface. The 
bounding surface formulation in both models relies on the 
stress reversals as an indication of initiation of new 
loading process enabling both of these models 
reproducing stiffness in unloading and reloading 
processes observed in experiments. However, distance 

dependence of plastic modulus in bounding surface 
formulation differs for the models in that SANICLAY uses 
measurement of Euclidean distance in the stress space 
while SANISAND uses measurement in the stress ratio 
space. This is a result of a basic difference between clay 
and sand behavior. In clays, plasticity can take place for 
loading in any direction (that is not tangential to the 
implied loading surface), while for sands plasticity takes 

place with the change of stress ratio. The SANISAND 
version used in the present study does not account for 
plasticity in constant stress ratio loading paths. Presence 
of plasticity in such type of loading is possible only for 
very loose packing of sand or when crashing of sand 
particles takes place (Dafalias 1994). Another substantial 
difference between the 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 SANISAND, however, 
there is no explicit definition of plastic potential and 
instead dilatancy surface is used, along with the 
magnitude of plastic deviatoric strain increment, for plastic 

volumetric strain increment estimates. Plastic deviatoric 
strain increment is assumed to be proportional to the 

change in stress ratio increment and the distance 
dependence of the bounding surface formulation. Hence, 
the flow rule is defined by a combination of dilatancy 
surface and bounding surface formulation. Additional 
features are present in SANICLAY and SANISAND 
models with some success for reproducing cyclic mobility 
and liquefaction, respectively, observed in the 
experiments. In SANICLAY, a scalar-valued damage 

parameter is used evolving with magnitude of plastic 
deviatoric strains. The damage parameter directly affects 
plastic modulus, and consequently plastic volumetric and 
deviatoric strain increments. In the SANISAND, fabric 
dilatancy tensor is used evolving with plastic volumetric 
strain increment and loading direction. The fabric 
dilatancy tensor directly affects tendency for dilatancy and 
consequently plastic volumetric strain increment while 

plastic deviatoric strain increment is influenced only as a 
result of change in the stress state and state parameter. 

 
 
4 MODELS CALIBRATION FOR MULTI-

DIRECTIONAL CYCLIC LOAING 
 
Calibrations of SANICLAY and SANISAND models are 
briefly discussed in this section with the emphasis being 

on calibration of parameters responsible for cyclic loading 
simulations. The latter parameters are calibrated against 
1-D linear cyclic shear test (DSS) which is then used for 
models simulations in multi-directional cyclic shear tests. 
 
4.1 Gulf of Mexico clay 
 
The first four shearing paths shown in Figure 2 that were 

conducted by Rutherford (2012) are chosen for 

 
 
Figure 4. SANISAND model schematic diagram in 
principal stress space (where 𝜎44, 𝜎55, and 𝜎66 are not 

necessarily major, intermediate and minor principal 
stresses, respectively). 

 



simulations using SANICLAY model. Detailed description 
of sampling and geotechnical characterization of tested 
undisturbed Gulf of Mexico clay is available in the original 

experimental reference. 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 multi-directional cyclic shear tests, 
Rutherford (2012) conducted constant rate of strain 
consolidation tests with pre-consolidation stress estimated 
using Casagrande’s graphical method at 72kPa. Murali 
(2011) also conducted a series of undrained monotonic 
triaxial tests on these samples that are isotropically and 
K0 consolidated. Calibration of the model parameters is 
following the process described by Seidalinov and Taiebat 
(2014) with the values shown in Table 4. Most of these 

parameters are calibrated using mentioned constant rate 
of strain consolidation and undrained monotonic triaxial 
tests. Bounding surface parameters, h0 and ad, are 
calibrated using 1-D linear test, GOM-5, with the final 
calibration results shown in Figure 5. This simulation and 
all of the following cyclic loading simulations, are 

preceded by CK0 or CKa to 𝜎′&" = 83.6 kPa from initial 
void ratio 𝑒 = 2.23 and initially normally consolidated state 

at 𝜎 = [1; 1; 1; 0; 0; 0] kPa. It should be noted that for 
current simulations destructuration mechanism is not 
used as Gulf of Mexico clay does not show the typical 
evidences for the loss of structure in the consolidation 

process. 
Disclaimer: It is well known that clay is a rate-

dependent material, i.e. its response is largely affected by 
applied rate of strain. When subjected to cyclic loading, 
such as those induced by seismic and/or ocean waves, 
clays are subjected to cyclic loading with a very wide 
range of strain rates. It is therefore of importance to make 
sure that in simulating response of clays subjected to 

cyclic loading such strain rate effect is taken into account. 
The version of SANICLAY used in the present study is 
developed based on data for slow undrained cyclic 
loading in order to make sure that used experimental data 
is based on reliable uniform pore water pressure and 
strains distribution within tested specimens (Zergoun and 
Vaid, 1994). This version of SANICLAY is not meant to 
account for strain rate effect; however, Rezania et al. 
(2016) have added this capability using Perzyna's 

overstress theory (Perzyna, 1966) to the SANICLAY 
without bounding surface (not used here for reason 
explained in the sequel). Experimental data on Gulf of 
Mexico clay is limited to fast cyclic loading tests with 0.1 
and 0.2 Hz frequency of loading. As the current version of 
SANICLAY model does not account for strain rate effect, 
some measures have to be undertaken without further 
complication of the model. In strain rate dependent 

constitutive models, researchers developed different 
methods such as Perzyna's overstress theory (Perzyna, 
1966), isotach concept (Leroueil et al., 1985), and 
nonstationary flow surface theory (Naghdi and Murch, 
1963) that account for rate effect. In all of these methods 
increased strain rate, in general, results into increased 
size of so-called “dynamic yield surface” thereby 
increasing the strength of soil with increasing strain rate. 

While these methods have been successfully 

 

                                               
   (a) Experiment                                                                            (b) Simulation 
Figure 5. Undrained 1-D linear test on CK0 consolidated sample of Gulf of Mexico clay, GOM-5 (Rutherford, 2012). 

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

 
Model parameters Symbol Value 

Elasticity k 0.06 

n 0.2 

CSL l 0.247 

Mc 1.1 
Me 0.81 

Bounding surface N 1.1 

h0 80 

ad 4 

Rotational hardening C 3 
x 1.75 
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incorporated into classical elasto-plasticity models, few 
attempts are made, for example by Jiang et al. (2016), to 
incorporate Perzyna's overstress theory into bounding 

surface plasticity. This approach, however, further 
complicates the bounding surface plasticity model by 
introduction of additional reference surface. As the current 
work aims to the development of a “simple” constitutive 
model along with its validation and verification against 
cyclic loading, it is important to avoid introducing 
additional features and focus on these aspects. In 
addition, fast cyclic loading results into non-uniform pore 

PBDIII_v10.docxpressure and strain distribution within the 
tested specimen thereby providing a less reliable 
experimental database which should not be used for 
development of a constitutive model. In this section, for 
simulating fast undrained cyclic multi-directional shearing, 
the size of the bounding surface is simply increased by a 
factor of 1.5 prior to cyclic loading simulations to account 
for rate effect without implementation of additional 
features. 

 
4.2 Monterey No. 0/30 sand 
 
The first four shearing paths shown in Figure 2 that were 
conducted by Kammerer et al. (2002) are chosen for 
simulations using SANISAND model. Tested Monterey No 
0/30 sand was purchased from the Lone Star company 
and then was thoroughly mixed by hand to ensure the 

uniformity before being stored in bins. The sand from this 
batch was tested only in cyclic loading. As SANISAND 
model calibration requires availability of monotonic test 
data, other sources of experimental data with similar sand 
are explored. the Monterey 0/30 sand was also used as 
the standard laboratory testing sand in the University of 
Colorado, Boulder (Muzzy 1983; Horita 1985; Chen 
1988). However, it has been reported by Wu (2002) that 

Monterey 0/30 sand of University of Colorado is 
substantially different from the sand of University of 
California, Berkeley.  In view of unavailability of monotonic 
tests on Monterey 0/30 sand, undrained monotonic triaxial 
tests on Monterey No. 0 sand from Riemer (1992) are 
chosen for the calibration because both materials show 
the similarity in the respective gradation curves (Wu 
2002). 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 (2002) on Monterey 0/30 sand are selected.  
 

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

Model parameters Symbol Value 

Elasticity G0 100.93 

n 0.039 

CSL M 1.32 
c 0.718 

e0 0.849 

l 0.01 

x 0.7 

Yield surface m 0.03 
Dilatancy n

d
 2.0 

A0 0.213 

Kinematic n
b
 2.5 

Hardening h0 7.93 
ch 1.14 

Fabric dilatancy zmax 10 
cz 800 

 
The detailed calibration procedure for SANISAND 

model parameters has been expounded by Taiebat et al. 
(2010b) and is followed in this paper. Due to limited 
database not all of the model parameters can be 
calibrated based on trial-and-error procedure. In such 
cases, an optimization program can be used for better 
calibration of model parameters. Interested readers can 
refer to Liu et al. (2016) for details of optimization of 

model parameters. List of calibrated parameters is given 
in Table 5 and the final results of calibration procedure 
are displayed in Figures 6 and 7.  In Figure 6, the results 
are shown for three undrained monotonic triaxial tests 
with the similar void ratio. As the compression stress 
increases with these tests, the behavior is changing from 
dense to loose sand response. In Figure 7, the results are 
shown for cyclic DSS test using a CSR=0.312 on a 

specimen with a relative density Dr=49% that is preceded 
by CK0 to 𝜎′&" = 81kPa. 

 
(a) 

 
(b) 

Figure 6. Simulations versus experiments in undrained triaxial compression tests on isotropically consolidated 
samples of Monterey No. 0 sand (Riemer 1992). 
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(a) Experiment 

 
(b) Simulation 

 
Figure 7. Simulations versus experiments in undrained direct simple shear tests on Monterey No. 0/30 sand with 
Dr=49% (Wu 2002). 

 
(a) Experiments 

 
(b) Simulations 

 
Figure 8. Simulations versus experiments in 1-D and 2-D linear multi-directional cyclic shear tests on Gulf of Mexico 
clay (Rutherford 2012). 
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5 MULTI-DIRECTIONAL CYCLIC LOADING 
SIMULATION RESULTS 

 

Model parameters calibrated in previous section for 
SANICLAY and SANISAND models are used for 
illustration of predictive capabilities of both models in 
multi-directional cyclic shear tests. 
 
5.1 Gulf of Mexico clay 
 
Experiment versus simulation results for Gulf of Mexico 

clay are provided in this section for 1-D and 2-D linear, 
circular, and figure-8 type A multi-directional tests. Overall 
picture of SANICLAY model prediction of pore pressure is 
poor, while shear strains qualitative and quantitative 
prediction capabilities vary for different types of tests and 
CSRs. Most deviations in shear strains are observed in 

simulating response of CKa consolidated specimens 

under multi-axial loadings. 
Comparison between experiments and simulation 

results for 1-D and 2-D linear stress paths is shown in 
Figure 8. While predictions of pore pressure are poor, 

accumulation of shear strains gx with number of cycles are 

simulated relatively well for all of these tests. Note that 
test data shown in red is used for calibration of bounding 
surface model parameters.  

Experiments and simulation results for circular multi-
directional test are compared in Figure 9. Model 

predictions of pore pressure are not displayed for CKa 

consolidated specimens (GOM-11 and GOM-12) as they 
exhibit accumulation of negative pore water pressures. In 
terms of accumulation of shear strains, simulations of test 
on CK0 consolidated specimen (GOM-10) predict very 

small shear strains gx and gy, while experimental data 

 
(a) Experiments 

 
(b) Simulations 

 

Figure 9. Simulations versus experiments in circular/oval multi-directional cyclic shear tests on Gulf of Mexico clay 
(Rutherford 2012). 
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suggests significant accumulation of shear strains in both 
directions. Such discrepancy of the model prediction is 
attributed to its inability to predict plastic strains for 

loading paths close to the neutral loading. Unlike for CK0 

consolidated specimen, CKa consolidated specimens 

have initial static bias thereby simulated loading is far 
from the neutral loading. Simulation results for these 
specimens are comparable qualitatively well with the 

experimental results in terms of accumulation of gx for 

larger cyclic stress ratio (GOM-11), and qualitatively and 
quantitatively well for smaller cyclic stress ratio (GOM-12). 
Both of these tests simulations depart from the 

experimental observation of the accumulation of gy which 

suggest its oscillation approximately around or close to 
0%. 

Experiments and simulation results for figure-8 type A 

multi-directional test are compared in Figure 10. Although 
model predicts positive pore pressures as observed in the 
experiments, quantitatively simulated results provide 

much smaller values. In terms of accumulation of shear 
strains, simulations of the test on CK0 consolidated 

specimen (GOM-13) predict smaller amplitudes for gx and 

smaller amplitude along with incorrect direction of the 

accumulation for gy. Simulations of the tests on CKa 

consolidated specimens are comparable qualitatively and 
quantitatively well with the experimental results in terms of 

accumulation of gx for both larger and smaller CSR (GOM-

14 and GOM-15). Satisfactory predictions of accumulation 

of gy are observed for larger CSR (GOM-14) and 

unsatisfactory for smaller CSR (GOM-15) as 
accumulation in the incorrect direction is simulated 
 

 
(a) Experiments 

 

 
(b) Simulations 

 

Figure 10. Simulations versus experiments in figure-8 type A multi-directional cyclic shear tests on Gulf of Mexico clay 
(Rutherford 2012). Note: experimental data of figure-8 type B (black line) is not included in simulation results. 
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5.2 Monterey No. 0/30 sand 
 
Experiment versus simulation results for Monterey 0/30 

are provided in this section for 1-D and 2-D linear, 
circular, and figure-8 type A multi-directional tests. Overall 
picture of SANISAND model prediction of pore water 
pressure is comparable with the experiments, while shear 
strains prediction capabilities are poor. Most deviations in 

shear strains are observed in simulating response of CKa 

consolidated specimens under multi-axial loadings. 
Comparison between experiments and simulation 

results for 2-D linear stress paths is shown in Figure 12. 
Predictions of pore pressure are in agreement with the 

experiments in terms of its accumulation, although in 
terms of oscillations the magnitudes are underpredicted. 

Predictions of shear strain gx, perpendicular to the 

direction of shearing, are poor exhibiting constantly 
increasing values with the number of cycles as opposed 
to saturation of the strain in the experiments. Predictions 

of shear strain gy, parallel to the direction of shearing, are 

more representative of the experiments with 
underprediction of the magnitude of oscillations for one of 
the tests. 

Experiments and simulation results for circular/oval 

multi-directional test are compared in Figure 13. Model 
predictions of accumulation of pore pressure are quite 
similar to those observed in the experiments, although the 
magnitudes of oscillations are underpredicted. The model 
performs better for samples with a smaller initial 
compression shear stress in terms of pore water 
pressure. In the experiments, the stress path with SSRx=0 

(Ms31cyck), i.e., no initial static shear bias, produces 
shear strains oscillating around 0% and increasing in 

magnitude up to about 20% for both  gx and gy with the 

number of cycles. The model, however, fails to reproduce 
increasing magnitude of experimentally observed strains 

development. For the stress path with SSRx=0.11 

(Ms46cyck), the trend in accumulation of shear strains gx 

and gy is somewhat captured but with significant 

deviations. Also magnitudes of the observed oscillations 
is much smaller in the model predictions, For the stress 
path with maximum SSRx=0.24 (Ms69cyck) the 
predictions of shear strains are very close to the 
respective experiment in terms of both accumulation and 
oscillations of shear strains.  

Experiments and simulation results for figure-8 type A 
multi-directional test are compared in Figure 14. Pore 

pressures are predicted well except for magnitude of 
oscillations in pore water pressure for the stress path with 
SSRx=0.03 (Ms42cyck) which the model underestimates. 
In terms of shear strains accumulation, simulations of the 
test with SSRx=0.03 (Ms42cyck) are not in good 
agreement with experiments in terms of increasing 

magnitude of oscillations in shear strain gx with number of 

cycles, while shear strain gy is captured by the model. 

Shear strain gx is largely overestimated by the model for 

the stress paths with SSRx=0.23 and 0.47 (Ms51cyck and 

Ms52cyck). Shear strain gy is also largely overestimated 

for the stress paths with SSRx=0.23 (Ms51cyck), and for 
SSRx=0.47 (Ms52cyck).the model predicts small negative 
strains while the experiments suggest small positive 

strains. 

 
 

 
 

 
(a) Experiments 

 
(b) Simulations 

 

Figure 11. Simulations vs experiments in 1-D linear multi-directional cyclic shear tests on Monterey No. 0/30 sand 
(Kammerer et al. 2002). 
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6 SUMMARY AND DISCUSSION 
 
Selected versions of two advanced plasticity models, 
SANICLAY and SANISAND, are evaluated in modeling 
multi-directional cyclic shear tests on Gulf of Mexico clay 
and Monterey No. 0/30 sand, respectively. The 
generalized shearing paths include 1-D linear, 2-D linear, 

circular/oval and figure-8 type A. Based on the exact 
values of pore pressure ratio, shear strains along x-
direction and along y-direction at the end of each multi-
directional cyclic shear test, summarized plots are given 
in Figure 15. The x and y axes represent values from 
experiments and simulations, respectively. Black dashed 
lines on the plots represent the ideal case of perfectly 
matching experimental and simulation results. 

SANICLAY model performance is summarized in 

Figure 15 (left) where the values of pore pressure ratio 
and shear strains at the end of each test are plotted for 
experimental and simulation results. In all simulation 

results except for the 1-D linear test on CKa consolidated 

specimens, accumulation of pore pressure is poorly 
predicted. This could be attributed to the increased size of 
the bounding surface prior to cyclic loadings in order to 
indirectly account for rate-effect, induced by fast cyclic 
loading used in the experiments as discussed in Section 

4.1. Model performance in terms of accumulated shear 
strains is perceived as satisfactory with enough room for 
further refinements of its predictive capabilities, in 
particular for specimens with SSRx=0 when initial static 
shear stress is absent and the response is governed by 

clay fabric. Accumulated gx values are somewhat 

underpredicted with the most deviations observed for 
circular and figure-8 type A loadings on specimens with 

 
 

 
 

 
 

 
 

 
(a) Experiments 

 
(b) Simulations 

 
Figure 12. Simulations versus experiments in 2-D linear multi-directional cyclic shear tests on Monterey No. 0/30 
sand (Kammerer et al. 2002). 
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SSRx=0. Accumulated gy values are in acceptable range 

except for figure-8 type A loading on specimens with 

SSRx=0. It should be noted that accumulated shear 

strains gx and gy for 2-D linear case are not provided 

because they could not be interpreted from g= 𝛾C
5 + 𝛾E

5 

that is available in the experiments. 
As for the performance of SANISAND, in the 1-D and 

2-D linear multi-directional cyclic shear tests, the model 

predicts pore pressure ratio in good agreement with the 
experiments but overestimates the shear strains with a 
right trend in their accumulation as can be observed in 
Figure 15. In circular/oval multi-directional cyclic shear 
tests, the responses of specimens with larger values of 
SSRx can be captured qualitatively and quantitatively well. 
This is not the case for the tests with smaller values of 
SSRx, which can be attributed to the absence of large 

initial static shear stress that eliminates the effect of initial 

anisotropic fabric of the specimen; this feature is usually 

difficult to add to the constitutive model. 
SANICLAY and SANISAND models already possess 

minimum requirements for their potential application in 
geotechnical problems involving multi-directional cyclic 
loading. These requirements include their multi-axial 
formulation (i.e., tensorial formulation enabling 
consideration of complete stress and strain states), 
coupling between volumetric and deviatoric soil response, 

and consideration of stress/strain history of soil. Based on 
the observations on their performance, while notable 
success in capturing certain types of multi-directional 
cyclic shear tests is observed, it is evident that they need 
further refinements for replicating the response of soils in 
various complex types of multi-directional cyclic shearing. 
In particular, reconsiderations are needed in the coupling 
of volumetric and deviatoric soil response. SANICLAY 

model, for example, underestimates accumulation of pore 

 
 

 
 

 
 

 
 

 
(a) Experiments 

 
(b) Simulations 

 
Figure 13. Simulations versus experiments in circular/oval multi-directional cyclic shear tests on Monterey No. 0/30 
sand (Kammerer et al. 2002). 

0 10 20 30
Number of Cycles, N

-1

-0.5

0

0.5

1

P
o
re

P
re

s
s
u
re

R
a
ti
o
,
∆
u
/σ

0 v
c

Experiment - circular/oval - Ms31cyck

Experiment - circular/oval - Ms46cyck

Experiment - circular/oval - Ms69cyck

0 10 20 30
Number of Cycles, N

-1

-0.5

0

0.5

1

P
o
re

P
re

s
s
u
re

R
a
ti
o
,
∆
u
/σ

0 v
c

Simulation - circular/oval - Ms31cyck

Simulation - circular/oval - Ms46cyck

Simulation - circular/oval - Ms69cyck

0 10 20 30
Number of Cycles, N

-30

-20

-10

0

10

20

30

S
h
e
a
r

S
tr

a
in

,
γ
x
(%

)

0 10 20 30
Number of Cycles, N

-30

-20

-10

0

10

20

30

S
h
e
a
r

S
tr

a
in

,
γ
x
(%

)

0 10 20 30
Number of Cycles, N

-30

-20

-10

0

10

20

30

S
h
e
a
r

S
tr

a
in

,
γ
y
(%

)

0 10 20 30
Number of Cycles, N

-30

-20

-10

0

10

20

30

S
h
e
a
r

S
tr

a
in

,
γ
y
(%

)



water pressure (volumetric response) in most cases, while 

accumulation of shear strains (deviatoric response) is 
simulated much better. SANISAND model, on the other 
hand, tends to produce better predictions for pore 
pressure accumulation (volumetric response) then shear 
strains (deviatoric response). In general, both models 
appear to be less reliable for multi-directional cyclic 
shearing on specimens with SSRx=0 when initial static 
shear stress is absent and the response is governed by 

soil fabric. This is the most challenging feature for 
inclusion in constitutive model as soil fabric most likely 
varies between soils with different types of minerals. 

In view of experiments, the assumptions associated 
with the interpretation of laboratory testing could mislead 
constitutive model developers while trying to replicate 
experimental results. Representation of in situ stress state 
acting on a single point requires uniform distribution of 

stresses and strains in a laboratory element test. While 

uniform distribution of these variables is always 

hypothesized in element tests, practically it is difficult, if 
not impossible, to impose idealized boundary conditions 
that would assure such uniformity. Main deficiency of DSS 
device is that complimentary shear stress acting on the 
sides of the specimen cannot be applied and thereby 
homogeneous stress state cannot be guaranteed. Multi-
directional shear device inherits this discrepancy from its 
predecessor DSS device. Although there is a general 

agreement that with increased specimen diameter to 
height ratio non-uniformity of stresses and strains 
redistribution is reduced, it cannot be fully eliminated. This 
could also partially assist in reducing the time required for 
equalization of pore pressure within the specimen, which 
is more relevant for clays, thereby providing reliable 
measurements as discussed in Section 1. In addition, 
different techniques in dealing with specimen could result 

in different initial fabrics of tested soil. 

 
 

 
 

 
 

 
 

 
(a) Experiments 

 
(b) Simulations 

 
Figure 14. Simulations versus experiments in figure-8 type A multi-directional cyclic shear tests on Monterey No. 
0/30 sand (Kammerer et al. 2002). 
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(a) SANICLAY 

 
(b) SANISAND 

 
Figure 15. Simulations versus experiments at the end of loading for different types of multi-directional cyclic 

shear tests on Gulf of Mexico clay (left) and Monterey No. 0/30 sand (right) (Points close to the 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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Constitutive models in the field of geomechanics 
continue to evolve and improve. This is due to the very 
complex nature of response of soils and also the complex 

nature of loading, particularly those encountered in 
earthquakes. For granular materials, discrete element 
modeling is becoming increasingly helpful and could 
provide well controlled “numerically driven experimental 
data” that can be used for understanding the complex 
mechanism of response of granular materials in complex 
loadings, and eventually feeding the development of more 
realistic constitutive models. For clays, however, discrete 

element modeling may still be far from such use for 
feeding the macro-scale modeling. As such new 
technologies become available, development and 
refinement of sophisticated constitutive models that can 
be used for more reliable solutions of complex boundary 
value problems is inevitable. Evaluation of SANICLAY 
and SANISAND models in this study demonstrates their 
potential and lays a pathway for their future refinements of 
the model for application in multi-directional SSRA. 
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