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Modeling Cyclic Behavior of Clay by Micromechanical Approach
Zhen-Yu Yin1; Qiang Xu2; and Ching S. Chang, M.ASCE3

Abstract: Although stress-strain models for the cyclic behavior of clay have been studied extensively, the models have not been examined from 
the point of view of the intercluster contact level. In the current paper, we extend the recently developed micromechanical approach to model 
the cyclic behavior of clay. Undrained triaxial tests under one-way and two-way cyclic loadings on normally consolidated and overconsolidated 
clay are simulated to evaluate the applicability of the approach. The computed evolution of local stresses and local strains at intercluster scale 
due to exter-nally applied cyclic loads are also discussed.
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Introduction

Although stress-strain models for the cyclic behavior of clay have
been studied extensively at the level of a soil element (e.g., Dafalias
and Herrmann 1982; Wathugala and Desai 1993; Borja and Amies
1994; Bardet 1995; Li and Meissner 2002; Yu et al. 2007; and
others), these models have not taken into account the behavior at the
level of intercluster contact.

Chang et al. (2009) and Yin et al. (2009) have developed
a micromechanical model for describing the behavior of clay under
monotonic loading conditions. In thismodel, clay is considered as an
assembly of clusters. The overall deformation is caused by the slip of
clusters in all orientations. We have shown previously that because
contact plane stresses are orientation dependent and intercluster
properties are stress dependent, the model naturally exhibits the
induced anisotropy (Yin and Chang 2009).

In this paper, modifications have been made on this micromechan-
ical model to investigate the cyclic behavior of clay. Experimental
results on clay are used for verification of this approach. The evolution
of local stresses and local strains at the intercluster planes due to applied
load are discussed. The overall applicability of the present model
is evaluated based on the comparison ofmeasured and predicted results.

Modification of the Micromechanical Model

In the basic model of Chang et al. (2009) and Yin et al. (2009),
for the ath contact plane, we define a local normal stress,
sa 5 f an Nl=3V , and a local shear stress, tai 5 f ar Nl=3V , where l is
the branch length and N=V is the total number of contacts per
unit volume. The corresponding local normal strain is defined as

ɛa 5 dan=l and a local shear strain is defined as g
a
i 5 dar =l.With these

definitions, applying a static hypothesis for an isotropic material, the
local stress and overall stress are determined by tai 5sijnj, and the
local strain and overall strain are determined by ga

i 5 ɛijnj.
The details of the micromechanical model can be found in Chang

et al. (2009), and are not repeated here. To simulate cyclic loadings,
the shear reversal must be considered for the contact plane between
two clusters. For this purpose, a shear reversal model (Yin and
Chang 2009) is adopted, and in this paper, we present only the major
modification of the model.

The undrained cyclic test includes a consolidation stage and an
undrained cyclic stage. At the consolidation stage up to a maximum
mean effective stress, each contact plane reaches a maximum local
normal stresssa

max. During the unloading portion of cyclic loading,
at each contact plane, the local normal stress sa reduces; thus,
the local overconsolidation ratio (OCR) (i.e., the ratio of the past
maximum normal contact stress sa

max and the current normal
contact stress sa) increases continuously. To describe the cyclic
behavior of clay, the local OCR accounting for the effect of stress
history at the contact level is considered in the modified version.
As the local OCR increases, the plastic stiffness on the contact
plane increases, and the constant kapR is assumed to be proportional to
the local OCR, given by

kapR ¼ kpR0
sa
max

sa
(1)

If this modification at the contact level is applied to the plastic
stiffness, the stress history effect on the stress-strain of the as-
semblies can be reproduced, which will be shown subsequently.

This modification does not increase the number of input
parameters. In the current version, the value n5 1 in the expression
of intercluster stiffness kan 5 kn0ðsa=prefÞn is typically assumed for
clay based on the rebounded slope k of the isotropic compres-
sion test. The normal stiffness kn0 is determined from: kn0
5 9ð11 e0Þpref=ð4kÞ (Chang et al. 2009). The value of krR is
related to Poisson’s ratio, and a value of 0.5 is generally assumed
for clay. The compression coefficient cp is determined from the
compression index l and the rebound index k using the equa-
tion cp 5 ðl2 kÞ=ð31 3e0Þ (Chang et al. 2009). For simplicity,
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the parameters k and l are used instead of kn0 and cp in the current
paper.

Experimental Verifications

Review of Experimental Results

The experimental verification is presented herein with reference to
the undrained tests under monotonic and cyclic loading on a com-
mercially available clay by Li and Meissner (2002). Conventional
triaxial tests were conducted on soil samples, which were recon-
solidated isotropically with OCR5 1:0, 1:6, and 4:0 for monotonic
loading and OCR5 1:0 and 5:1 for cyclic loading. All cyclic tests
were stress controlled, using the sinusoidal wave form and a wave
frequency of 0.1 Hz.

Calibration of Model Parameters

One undrained triaxial compression test with OCR5 1 and one
isotropic consolidation test were needed for the calibration of model
parameters, as shown in Fig. 1. Fig. 1(a) was constructed from
experimental data (e0, ecr0, k, and l) provided by Li and Meissner
(2002) assuming spc0 5 100 kPa for the convenience of parameter
determination. The internal friction angle fm 5 19:2� was ob-
tained from the undrained triaxial test corresponding toM5 0:74
[Fig. 1(c)]. Other parameters were obtained by curve fitting: (1)
the shear hardening parameter kpR0 was determined from the
q2 ɛ1 curve of the undrained compression test within the small
strain level [Fig. 1(b)], and (2) the dilatancy constants a and b
were determined from the effective stress path of the undrained
compression test [Fig. 1(c)]. All parameters are summarized in
Table 1. Note that for the undrained triaxial test, the simulation was
carried out keeping constant volume [i.e., through the strain control
with dɛv 5 0 (i.e., dɛa 5 22dɛr)], and the excess pore pressure
was obtained from the difference between the total mean stress
(p5 p0 1Dq=3) and the mean effective stress.

The determined parameters were used to simulate monotonic
undrained triaxial tests on samples with different OCRs. As shown
in Figs. 2(a and b), the model predictions considering the OCR ef-
fect of local plastic stiffness [as shown in Eq. (1)] agree well with
the experimental results.

Parameters determined from monotonic tests were used to sim-
ulate undrained tests under cyclic loadings. It is worth noting that the
initial slopes of the q-ɛd curves for monotonic and one- and two-way
cyclic tests were very different from each other, mainly because of
the loading rate effect and sample variations. It seemed reasonable to

use different sets of parameters for simulating tests with different
loading rates (Li andMeissner 2002;Yu et al. 2007). In the following
simulation, only different values of kpR were selected for each case:
kpR0 5 0:24 for a one-way test with OCR5 1, kpR0 5 0:12 for a one-
way test with OCR5 5:1, kpR0 5 0:9 for a two-way test with
OCR5 1, and kpR0 5 0:27 for a two-way test with OCR5 5:1.

Comparison of Predicted and Measured Behavior

Normal Consolidated Soil
Figs. 3 and 4 show the comparison between the experimental and
numerical results for undrained triaxial tests under one-way and two-
way cyclic loadings, respectively, for clay samples with OCR5 1.
Although the clay sample had an initial OCR5 1, because of pore
pressure development, the OCR continued to increase; thus, the
value of the local plastic stiffness continued to increase during the
test [Eq. (1)]. In these figures, the deviatoric stress q was plotted
against the deviatoric strain ɛq [Figs. 3(a and c) and 4(a and c)] and
the pore pressure (Du) was plotted against the number of cycles
[Figs. 3(b and d) and 4(b and d)]. Comparisons in Figs. 3 and 4
demonstrate that themodel that considered theOCR effect on plastic
stiffness captured the cyclic behaviors on both the stress-strain curve
and pore pressure versus the number of cycles for both cases of one-
way and two-way cyclic loadings.

Overconsolidated Soil
Simulations were also carried out for tests under one-way and two-
way loadings on overconsolidated samples (OCR5 5:1), as shown
in Figs. 5 and 6. Because only the measured pore pressure versus
the number of cycles was available, it was compared with model
simulations. Comparisons in Figs. 5 and 6 show the trend of pore
water pressure that decreased during both one-way and two-way
cyclic loadings for overconsolidated clay.

In general, themicromechanics-basedmodel was able to describe
the undrained behavior of clay subjected to one- and two-way
cyclic-loading conditions.

Micromechanical Analysis for Induced Anisotropy

Because local stresses are contact orientation dependent, we selec-
ted the orientation distributions for local stresses and strains to

Fig. 1. Calibration of parameters from tests

Table 1. Values of Parameters for Tested Clay

e0 k l ecr0 a b f9m ðoÞ kpR0

1.16 0.034 0.173 1.39 1 3 19.2 0.05a

aValue for monotonic undrained test.
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investigate the induced anisotropic behavior during undrained cy-
clic loading. The one-way cyclic test on the normally consolidated
sample was selected for the investigation, with selected loading
steps marked by empty circles (see Fig. 7).

Fig. 8(a) gives the initial orientation distributions of normal stress
sn, where the axes of anisotropy of the soil were coaxial to the axes
of loading stresses. Initially [Step 0 in Fig. 8(a)], the circular shape
implies an isotropic distribution of normal stresses and the properties
associated with the normal stresses (e.g., elastic modulus, plastic
modulus). During thefirst loading [Step 1 in Fig. 8(a)], the axis in the
vertical direction becomes longer because of the applied vertical
load, which indicates that the stress-dependent soil properties are
also changed in the same pattern. For Step 2 in Fig. 8(a), the oval-
shape distribution of normal stresses becomes smaller because of the
increase of pore pressure during undrained cyclic loading, but the
long axis stays in the vertical direction. At Step 3, when the stress is
back to an isotropic state (q5 0), the shape of distribution changes
back to circular. In the current model, the stresses on each plane are
considered to be internal state variables, and their evolution leads to

the behavior change on each individual plane; thus, the resulting
behavior naturally exhibits the stress-induced anisotropy.

The distribution of shear stress ratio t=s, shown in Fig. 8(b),
expands from zero to Step 1 for first loading. Followed by repeated
loading cycles, the local stress ratio continues to increase up to Step 2
because of the significant decrease in normal stress sn for some
orientations.

The distribution of normal strain ɛ, shown in Fig. 8(c), at the end
of the isotropic consolidation, is plotted as the bold line as a reference
for the following steps. During the first loading, the branch lengths
shorten (i.e., compress) significantly for contact planes with
0�,a, 45�, but they elongate for contact planes with 45�,a
, 90� because of the combination of shear-induced dilation and
normal stress reduction. The distribution changes from Step 1 to
Step 2 due to the accumulation of local strains during load cycles.
Step 3 (q5 0) represents the permanent strains after 20 repeated
load cycles.

The distribution of shear strain g in Fig. 8(d) shows that
large shear strains occurred because of repeated loading for

Fig. 2. Comparison between experimental results and simulations for undrained triaxial tests under monotonic loading

Fig. 3. Comparison between experimental and numerical results for undrained triaxial tests under one-way cyclic loading (OCR5 1)
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the contact planes near the orientation of 55� (at Steps 1 and 2). The
distribution of Step 3 also represents the permanent local shear
strains for different contact planes after 20 cycles of loading.

Conclusions

The previousmicromechanical stress-strainmodel has been enhanced
by considering the stress history effect on the local stress-strain be-
havior at the contact level. Undrained triaxial tests on samples with
different OCRs subjected to monotonic and cyclic loadings were
simulated by the enhanced model. Good agreement was achieved
between the experimental results and the simulations. The opposing
behavior of pore pressure generation (i.e., increase in pore pressure for
OCR5 1 and decrease in pore pressure for OCR5 5) is captured by
the current model. The local OCR effect on the plastic stiffness at the
contact planes improves the simulation performance.

Fig. 4. Comparison between experimental and numerical results for undrained triaxial tests under two-way cyclic loading (OCR5 1)

Fig. 5. Comparison between experimental and numerical results for
undrained triaxial tests under one-way cyclic loading (OCR5 5:1)

Fig. 6. Comparison between experimental and numerical results for
undrained triaxial tests under two-way cyclic loading (OCR5 5:1)

Fig. 7. Seven interparticle orientations located on the x-z plane of
the coordinate system
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The predicted behavior at interparticle contact planes was ex-
amined for an undrained triaxial test under one-way cyclic loading.
It was shown from the rose diagrams that the contact stress distri-
bution changes throughout the triaxial test, which implies the de-
velopment of anisotropy induced by the externally applied load,
because the elastic modulus and plastic modulus on each contact
plane are stress dependent. The permanent strains on every contact
plane are developed at different magnitudes. Active contact planes
on a few orientations contribute greatly to the permanent de-
formation of the assembly. Therefore, the local strains are highly
nonuniform, as are also demonstrated by rose diagrams.

Model predictions for undrained cyclic tests on clay have dem-
onstrated that the present micromechanical approach is capable of
modeling undrained cyclic behavior, taking into consideration
stress-induced anisotropy.
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