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Abstract. Static and dynamic liquefaction may produce different levels of damages on the
infrastructures and various numbers of casualties. Understanding the associated initiation
mechanisms therefore is very important for geotechnical engineers to predict and manage the
relevant hazards. In this study, a series of DEM simulations of undrained triaxial compres-
sion tests and a cyclic undrained triaxial test are carried out to examine the initiation mecha-
nisms from a micromechanical perspective. The simulation results demonstrate a continuous
decrease in the mean of contact normal forces and a continuous increase in the associated
COV as the shear strain increases during undrained compression of a loose sample. Such
kind of evolution trend found in the contact force distribution was not observed in the simula-
tions of undrained compression tests on medium dense to dense sand samples. However, the
same behavior can be detected in the cyclic undrained triaxial tests on a dense sample, i.e., a
continuous decrease in the mean of contact normal forces and a continuous increase in the
associated COV. Hence, such an evolution tendency of contact force distributions can serve
as a basis to explain the initiation mechanisms of the static and dynamic liquefaction from a
micromechanical point of view.
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1 INTRODUCTION

Liquefaction describes a condition where the effective stress of the soil reaches a very low
value (i.e., close to zero) due to the buildup of pore pressures. Liquefaction may be induced
by monotonic or static loading, which is commonly referred to as static liquefaction. Static
liquefaction may lead to different types of hazards, e.g., failures of the submarine slopes,
dams and tailings structures, and most of these case histories occurred in very loose to loose
saturated sand [1]. Even though static liquefaction can hardly occur in medium dense to dese
sand, a cyclic loading, e.g., earthquake shaking, may induce the decrease in the effectives
stress, and the liquefaction state might be reached after a certain number of loading cycles.
Once the liquefaction state is reached, large strains might be developed in the subsequent
loading cycles to cause casualties [2]. For example, as summarized by [3], bridge collapses
due to liquefaction have been observed during the 1964 Niigata (Japan) and Alaska earth-
quakes, 1975 Haicheng (China) earthquake, 1976 Tanshang (China) earthquake, 2008 Wen-
chuan (China) earthquake and 2010 Maule (Chile) earthquake. Hence, understanding the
initiation mechanisms of static and dynamic liquefaction (induced by cyclic loading) is very
important for geotechnical engineers to predict and manage these associated hazards.

The undrained triaxial compression tests, triaxial extension tests and simple shear tests
have been frequently conducted to examine the undrained soil behavior under a static loading
(e.g., [1, 4-9]). Fig. 1 presents typical responses during the undrained triaxial compression
tests carried out by [10]. For a loose sample with a void ratio of 0.93, the deviatoric stress q =
oy’ — oy initially increases with increasing shear strain () until the soil reaches the peak state
(as shown by the solid triangle in Fig. 1a), and the mean effective stress p’= (ov’+ 201 )/3 de-
creases with increasing y. Note that o,”and o;” are the vertical and radial effective stresses,
respectively. The shear strain yis described by y= & — &, where & and & are the vertical and
radial strains, respectively. After the peak state, both the values of p“and g decrease with in-
creasing y until liquefaction (p”= g = 0). For the dense sample with a void ratio of 0.861, the
deviatoric stress g continuously increases with increasing y, and p“initially decreases and then
increases with increaseing y. In addition, for the medium dense sand with a void ratio of 0.868,
g initially increases and then decreases with increasing y, which is similar to the response in
the early stage of undrained compression for a loose sample. Afterwards, the sample reaches a
quasi-steady state (as shown by the solid circle in Fig. 1a), and then both the values of p“and
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Figure 1: Typical responses during the undrained static compression tests: (a) stress-strain
responses and (b) stress paths (after [10]).
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g increase with increasing vy, which is similar to the response in the latter stage of a dense
sample. Hence, the liquefaction state cannot be reached for the medium dense to dense sam-
ples. This explains why most of the case histories of static liquefaction occur in very loose to
loose sand but not in medium dense to dense sand. However, the micromechanical basis of
static liquefaction cannot be obtained based on these experimental observations.

To understand the undrained soil behavior under a cyclic loading, cyclic undrained simple
shear tests and cyclic undrained triaxial tests have been carried out (e.g., [11-17]). Fig. 2 pre-
sents typical responses of a dense sample during a cyclic undrained triaxial test conducted by
[18]. After isotropic consolidation, the sample was subjected to a cyclic loading under a
stress-controlled undrained condition. The initial liquefaction seems to be reached at the 9"
cycle, and the butterfly shaped loops have been reached afterwards (as shown in Fig. 2b). As
noted, the values of the double amplitude axial strain (DA) for the cycles after initial liquefac-
tion are much larger than those before initial liquefaction. Those experimental responses ex-
plain why liquefaction can occur in medium dense to dense sand during earthquakes.
However, once again, the associated initiation mechanisms from a micromechanical perspec-
tive cannot be provided by these experiments.
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Figure 2: Typical responses during a cyclic undrained triaxial test (after [18]): (a) varia-
tions of the axial strain & and double amplitude axial strain (DA) with the number of cycles
and (b) stress paths. Note that only the stress paths for the initial nine loading cycles are

shhown in Fig. 2b. The stress paths for the following cycles are similar to the stress path for the
9" cycle.

Numerical simulations using the discrete element method (DEM) have been used to simu-
late the undrained soil responses for further analyses and examinations (e.g, [19-27]). Using
DEM simulations can obtain not only the macroscopic stress and strain responses but also the
information at the particle and contact scales, e.g., contact forces. Hence, DEM simulations
can be used to effectively elucidate the involved micromechanical. Soroush & Ferdowsi [21]
carried out DEM simulations of strain-controlled cyclic loading tests and qualitatively ana-
lyzed the variations of the contact force distribution with increasing number of loading cycles.
However, quantitative and statistical analyses for the cyclic loading processes, especially for
the stress-controlled cyclic loading, remain insufficient.

The objective of this study is to examine the initiation mechanisms of static liquefaction
and dynamic liquefaction (induced by cyclic loading) from the micromechanical perspective.
A series of DEM simulations of undrained triaxial compression tests and a cyclic undrained
triaxial test are carried out. The simulations first aim to reproduce experimental findings (as
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shown in Figs. 1 and 2). Then, variations of the contact force distributions are examined to
explore the initiation mechanisms of liquefaction.

2 DETAILS OF THE DEM SIMULATIONS

The DEM software, Particle Flow Code in 3 Dimensions (PFC3D version 4.0, Itasca Com-
pany, USA) was used in this study. The Hertz-Mindlin contact model was used to regulate the
force-displacement relationships in the normal and tangential directions. In addition, a rolling
resistance model was adopted to account for the contact moments including the interlocking
effects between real soil particles. Details of these contact models and the calibration of the
parameters can be found in [28]. Table 1 summarizes the values of the parameters used in the
DEM simulations.

Sample properties and parameters Value
Contact model parameters

Shear modulus G 1.0 GPa
Poisson’s ratio v 0.2
Inter-particle friction coefficient x 0.32
Rolling stiffness coefficient J, 2
Maximum rolling resistance coefficient u, 12
Particle size

Largest particle diameter 0.212 mm
Smallest particle diameter 0.150 mm
Mean particle diameter dso 0.172 mm

Properties of the samples

Particle number 13528
\oid ratio of the samples for UC1 and UC1-cyclic 0.745
\oid ratio of the sample for UC2 0.783
\oid ratio of the sample for UC3 0.792

Local damping used to dissipate Kinetic energy 0.7

Table 1: Sample properties and parameters used in the DEM simulations of this study

Three DEM simulations of undrained triaxial compression tests were conducted. These
simulations are denoted by UC1, UC2 and UC3 in the following discussion. The radius ex-
pansion method was used to prepare the samples. Particles were firstly generated with radii
smaller than the assigned values and randomly positioned in the sample container, and then
these radii were expanded to achieve the assigned values by multiplying a factor. After that,
particles were rearranged under a friction-free condition where the inter-particle friction coef-
ficient u is set to be 0. When the sample reached equilibrium, the values of z were set as 0.12,
0.18 and 0.20 for the samples of UC1, UC2 and UC3, respectively. The samples were then
compressed under a confining pressure of 20 kPa. After this stage, the value of x was in-
creased to the assigned value, i.e., 0.32, for each sample, followed by an isotropic compres-
sion until the stress reached 100 kPa. As illustrated in Table 1, the void ratios were 0.745,
0.783 and 0.792 for the samples of UC1, UC2 and UC3, respectively before shearing. The
samples were subjected to a strain-controlled undrained compression for shearing. Note that
the undrained condition was simulated by applying boundary movements on the sample to
make the sample volume maintain constant, which follows the same as the general practice.
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In addition to those simulations of undrained compression tests, a simulation of a cyclic
undrained triaxial test was conducted. The sample was identical to that used in UC1 after iso-
tropic consolidation under a confining pressure of 100 kPa, and then the sample was subjected
to a stress-controlled cyclic loading with the maximum deviatoric stress of 60 kPa. Note that
both the values of the confining pressure after isotropic compression and the maximum devia-
toric stress during cyclic loading were the same as those used in the experiment shown in Fig.
2. This test is denoted as UC1-cyclic in the following discussion.

3 SIMULATION RESULTS

3.1 Undrained compression tests

Fig. 3 presents the simulation results of the undrained compression tests, UC1, UC2 and
UC3. Similar responses like the experimental findings (as shown in Fig. 1) are reproduced by
the DEM simulations. To obtain the associated mechanisms from a micromechanical perspec-
tive, variations of the contact force distribution in terms of the mean and the coefficient of
variation (COV) are examined in the following discussion.
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Figure 3: Simulation results of the undrained compression tests UC1, UC2 and UC3: (a)
stress-strain responses and (b) stress paths.

Figs. 4a and 4b present variations of the mean and the COV of contact normal forces dur-
ing the undrained compression tests, respectively. Fig. 7 presents the evolution of the mean
value versus COV. Note that Fig. 7 summarizes the results from all the simulation cases and
show that there are different trends of the mean versus COV for the samples with different
void ratios. For loose sample UC3, the mean of contact forces decreases with increasing shear
strain y, while the associated COV increases with increasing y. An interesting point is that
these trends occur during both stages, i.e., before and after the peak state. This suggests that
these trends, i.e., a decrease in the mean and an increase in the COV, are not influenced by the
change of the deviatoric stress q with increasing .

For the medium dense sample UC2, the variations of the mean value and COV before the
quasi-steady state are similar to those for UC1. Those trends of decreasing the mean value and
increasing COV are also observed before the peak state and from the peak state to the quasi-
steady state. However, after the steady state, the mean of contact normal forces increases with
increasing y, while COV decreases with increasing y. This demonstrates that the contact nor-
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mal forces become more and more uniform after the quasi-steady state. For the dense sample
UC1, the initial responses are also showing a decrease in the mean and an increase in COV.
However, the evolution trend of contact force distributions is different in the subsequent com-
pression stage, which is found increasing in both the mean and the COV. Hence, the evolution
type of the contact force distributions might be considered as the micromechanical basis for
static liquefaction in loose sand.
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Figure 4: Variations of (a) the mean of contact normal forces and (b) the COV of contact
normal forces during the undrained compression tests.

3.2 Cyclic undrained triaxial test

Fig. 5 presents the simulation results of the cyclic undrained triaxial test, UC1-cyclic. Once
again, similar responses like the experimental findings (as shown in Fig. 2) are reproduced by
the DEM simulations. Fig. 5b demonstrates that the soil reached the initial liquefaction state
(p’= g = 0) at the 9" cycle. As shown in Fig. 5a, the values of the double amplitude axial
strain (DA) for the cycles after the initial liquefaction, i.e., the 9™ and 10™ cycles, are much
larger than the values of DA for the cycles before the initial liquefaction, i.e., from the 1% to
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Figure 5: Simulation results of the cyclic undrained triaxial test UC1-cyclic: (a) variations
of the axial strain & and the double amplitude axial strain (DA) with the number of loading

cycles and (b) stress paths. Note that only the minimum and maximum axial strains in a cycle
are presented in Fig. 5a.

4677



Zitao Zhang and Yu-Hsing Wang

8™ cycle. In the following discussion, variations of the mean and COV of all the contact nor-
mal forces are examined.

Figs. 6a and 6b present the variations of the mean and the COV of contact normal forces
during the cyclic undrained triaxial test UC1-cyclic, respectively. For those loading cycles
before initial liquefaction, there is a net decrease in the mean of contact normal forces and a
net increase in the COV in each cycle, e.g., the 1% cycle. Hence, the overall trend for both the
mean and the COV values at a given deviatoric stress q, e.g., g = 60 kPa, decreases in the
mean and increases in the COV of contact normal forces. To facilitate the comparison be-
tween these results with those of the undrained compression tests, the mean versus the COV
response of the test UC1-cyclic is also included in Fig. 7. As shown in Fig. 7, the mean versus
COV response during the initial loading stage in the 1* cycle is identical to that during UC1.
However, the mean versus COV response in the subsequent unloading process in UC1-cyclic
does not follow the original trend as in the loading process. The overall trend of the mean ver-
sus COV response is characterized by a decreased mean and increased COV of contact nor-
mal forces, which is similar to the behavior of undrained compression for a loose sample, i.e.,
UC3. This suggests that this evolution type of contact force distribution can also be used to
explain the initiation mechanisms of the liquefaction induced by cyclic loading from a mi-
cromechanical perspective.
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Figure 6: Variations of (a) the mean of contact normal forces and (b) the COV of contact
normal forces during the cyclic undrained triaxial test.

170

150

130

110 TN

S N\
\ N

X R\ UC1 (e=0.745)

0 0.001 0.0062 \0.003 0.004 \0.0
Mean of contact forces (N)

Figure 7: The mean versus the COV of contact forces responses for the undrained com-
pression tests, i.e., UC1, UC2 and UC3, and the cyclic undrained triaxial test UC1-cyclic.

[Yo)
o

COV of contact forces (%)
~
o

u
o

4678



Zitao Zhang and Yu-Hsing Wang

4 CONCLUSIONS

To examine the initiation mechanisms of static liquefaction and dynamic liquefaction in-
duced by cyclic loading, a series of DEM simulations of undrained triaxial compression tests
and a cyclic undrained triaxial test were carried out. The DEM simulation results can repro-
duce similar responses like the experimental findings, e.g., stress-strain responses and stress
paths. Changes in the contact force distribution were examined in terms of mean and COV of
contact normal forces. The salient findings are summarized as follows.

The mean versus COV response during undrained compression tests is influenced by the
sample void ratio. For the loose sample, the evolution type is characterized by a continuous
decrease in the mean value and a continuous increase in the COV as the shear strain increases.
For the medium dense sample, the response before the quasi-steady state is similar to that ob-
served in the loose sample, whereas the response after the quasi-steady state demonstrates an
increase in the mean and a decrease in the COV. In addition, for the dense sample, the mean
value initially decreases and then increases with increasing shear strain while the COV con-
tinuously increases with increasing shear strain. Hence, the evolution type characterized by a
continuous decrease in the mean value and a continuous increase in the COV might be con-
sidered as the micromechanical basis for static liquefaction in loose sand. In fact, such an evo-
lution type of mean versus COV can also be found in the DEM simulation of cyclic undrained
triaxial test on a dense sample. That is, this evolution type of contact force distribution, i.e., a
decrease in mean and an increase in COV, can serve as a basis to explain the initiation mech-
anisms of static and dynamic liquefaction from a micromechanical perspective.
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