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Effect of Anisotropic Consolidation on Cyclic Liquefaction
Resistance of Granular Materials via 3D-DEM Modeling

Ming Yang' and Mahdi Taiebat, M.ASCE?

Abstract: The influence of anisotropic consolidation on the cyclic liquefaction resistance of granular materials is explored using 3D discrete
element method simulations. In this study, the term anisotropic consolidation was defined as the ratio of initial horizontal and vertical normal
stresses, and the hypothesis was that the conflicting results from previous laboratory experiments could be attributed to differences in inherent
fabric. To test this hypothesis, three unique sample preparation protocols were employed to construct polydisperse spherical particle samples
with varying inherent fabrics, as quantified by coordination number and contact-normal fabric anisotropy, under consistent initial mean stress
and density conditions. The results were intriguing, as they revealed that anisotropic consolidation had a consistent impact on the cyclic
liquefaction resistance of loose and medium-dense samples, regardless of preparation protocol. However, this relationship was not as straight-
forward in dense samples. In addition, the study assessed the correlations between various parameters, including initial shear wave velocity,
state parameters associated with both void ratio and coordination number, fabric anisotropy, and their impact on the cyclic liquefaction re-
sistance of the samples. The findings enhance the understanding of the intricate interplay between anisotropic consolidation and the resistance
of granular materials to cyclic liquefaction, providing valuable insights that can inform the development of accurate models for predicting and
mitigating cyclic liquefaction in various applications. DOI: 10.1061/JGGEFK.GTENG-11970. © 2024 American Society of Civil Engineers.

Introduction

Nonlinear deformation analysis for seismic site response involving
sand liquefaction via a continuum mechanics-based numerical mod-
eling approach requires representative constitutive models. Such
models must incorporate essential constitutive ingredients that play
key roles in capturing the dominant aspects of response under the
cyclic shearing of sands. Laboratory element-level tests on samples
with different initial and cyclic shearing conditions are the primary
source of information for decoding the mechanism and translating
those to constitutive ingredients in the stress—strain models. Over
the last four decades, laboratory element-level tests on cyclic shear-
ing of sands have investigated the effect of particle-level properties
such as particle size distribution and particle shape, and sample
homogenized properties such as density, confining pressure, inher-
ent anisotropy, and anisotropic consolidation, among others.
Among the many laboratory experiments on cyclic liquefaction,
a small fraction has focused on deciphering the role of anisotropic
consolidation on the undrained cyclic response of sands. Aniso-
tropic consolidation is quantified by the initial consolidation stress
ratio K, defined as the ratio of the initial horizontal and vertical
normal stresses, namely K. = oy,y/0o. For samples prepared with
all shear stress components zero, K, = 1 corresponds to an iso-
tropic stress state, and K. # 1 refers to an anisotropic stress state.
These samples are then subjected to undrained cyclic simple shear-
ing, often under constant shear stress amplitude 7P, until initial
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liquefaction to determine the corresponding cyclic liquefaction re-
sistance. Ishihara et al. (1977) and Ishihara and Takatsu (1979) stud-
ied the effect of K, values, including 0.5, 1.0, and 1.5, on the cyclic
liquefaction resistance of fine Fuji river sand at relative density D, =
55% and 0,7 = 100 kPa. With cyclic stress ratio (CSR) defined by
the ratio of the shear stress amplitude and the initial vertical effective
stress, i.e., CSR = 7% /g, they observed that the cyclic liquefac-
tion resistance increases with increasing K. Ishihara et al. (1977)
proposed a formula linking the cyclic resistance ratio (CRR),
namely CSR, required to induce initial liquefaction in the specified
number of loading cycles, of anisotropically consolidated (AC) sam-
ples with that of isotropically consolidated (IC) samples

142K
CRRc = %CRR]C (1)

which applied well to their experimental data. Tatsuoka et al. (1982)
performed similar laboratory experiments on Toyoura sand at a wide
range of D, from 35% to 80% under an initial mean effective stress
Po = 98 kPa and with two K, values of 0.5 and 1. They defined a
different CSR = 72" / p,, and noticed that the cyclic liquefaction re-
sistance of AC specimens was similar to those of IC specimens for
D, < 65% and much larger than those of IC specimens for D, >
70%. Their observation about samples with D, < 65% is consistent
with that of Ishihara et al. (1977) since the above formula becomes

CRRAC = CRRIC (2)

with the adoption of CSR = 7™/ p, instead of 7% /7. Mean-
while, the observation of Tatsuoka et al. (1982) about samples
with D, > 70% questions the general validity of Egs. (1) or (2).
Boulanger and Seed (1995) studied modified Sacramento River
sand samples consolidated at o, = 207 kPa to reach D, values of
35% and 55%, covering three different K. values of 0.3, 0.5, and 1.
Using CSR = 7/0y, it was found that K, values of 0.3 and 0.5
resulted in similar cyclic liquefaction resistance, while the IC sam-
ple showed about 10% greater liquefaction resistance. This implies
that AC samples have higher liquefaction resistance than IC samples
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for D, =35% and 55% with the adoption of CSR = 72"/ p,.
Hosono and Yoshimine (2008) considered Toyoura sand at D, =
40% with a wide range of K, values from 0.25 to 4, but these dif-
ferent K. samples do not share the same p, or o,y By adopting
CSR = 7™ /g, they concluded that the cyclic liquefaction resis-
tance increased with increasing K .. By correcting CSR with respect
to po and neglecting the effect of differences in p,, there does
not exist a monotonic relationship between liquefaction resistance
and K, but it is clear that the AC sample with K. = 0.5 presents
higher liquefaction resistance than the IC sample. Georgiannou and
Konstadinou (2014) applied a different type of undrained cyclic tor-
sional loading on Ottawa sand consolidated at p, = 110 kPa and
with various D, from 20% to 65%, considering two K, values of
0.5 and 1, and unlike others, the total boundary normal stresses were
held constant instead of constraining normal strains in the conven-
tional undrained simple shear test. They pointed out that the AC
sample at a loose state is less than half the cyclic liquefaction re-
sistance of the IC sample, and this trend reversed at the dense state
(D, > 60%), implying the existence of a density where AC and IC
samples share similar liquefaction resistance. Recently, Vargas et al.
(2020) performed conventional undrained cyclic torsional tests on
Ottawa-F65 sand under p, = 100 kPa and at D, values of 50% and
70%, covering two K. values of 0.5 and 1. With the same CSR
definition as Tatsuoka et al. (1982), they observed that the liquefac-
tion resistance of AC samples is approximately 20% higher than that
of IC samples at both D, values.

Despite efforts to use a consistent definition of CSR in interpret-
ing the laboratory experiments introduced above, a universal or even
consistent answer to the effect of K. on the cyclic liquefaction re-
sistance of granular materials remains elusive. This is due in part to
the inconsistencies across laboratory experiments in particle proper-
ties, sample reconstitution methods, specimen densities and confine-
ments, and cyclic loading programs, which can result in variations in
the experimental results. Although the effects of these factors are
discernible, their independent contributions to the effect of K, on
liquefaction characteristics of granular materials have not been pre-
cisely identified. For instance, while most of the relevant laboratory
experiments have focused on medium-dense and dense sands, the
effect of K. on loose sand response cannot be extrapolated from
the dense cases. Furthermore, as most previous studies involve sam-
ples consolidated at a confinement of nearly 100 kPa, it is uncertain
whether these observations can be extended to samples with higher
or lower consolidation stress. It is also unclear whether the knowl-
edge gained about K. effect on reconstituted samples following air
pluviation can be applied to the samples prepared via wet sedi-
mentation. In addition, elucidating the underlying mechanism that
explains the macroscopic response is a challenge for laboratory
experiments that only measure stresses and strains at the sample
scale and do not provide access to particle-level screening.

While laboratory experiments are valuable for enriching the da-
tabase of the K. effect on cyclic liquefaction resistance, the discrete
element method (DEM) offers an alternative numerical approach.
This method enables the study of granular systems and provides the
additional benefit of assessing the micromechanics of the system,
making it a promising tool to investigate the relationship between
microscopic fabric and macroscopic response. The particle dynamic
DEM has been widely utilized to simulate the cyclic liquefaction
response of granular materials, unveiling the microscopic signature
of the jamming transition (e.g., Sitharam 2003; Wang and Wei 2016;
Huang et al. 2018; Wei et al. 2018; Zhang and Evans 2020; Xu
et al. 2021; Yang et al. 2021, 2022a). Recently, Rahman et al.
(2021) highlighted the application of the critical state soil mechanics
(CSSM) framework for cyclic liquefaction assessment, which was
proposed by Jefferies and Been (2015), in linking CRR of cyclic

© ASCE

04024028-2

triaxial simulations with the initial state parameter v, of the sample
at preshearing. Gu et al. (2020) raised a concern regarding the re-
lationship between the CRR and the ), since one can prepare an-
other sample at the same density but with different coordination
numbers, whose CRR will be noticeably different from that of the
original sample. They proposed linking CRR to 9, the initial state
parameter associated with coordination number z, instead. Banerjee
etal. (2023) found good correlations between either one of the initial
state parameters and the CRR in samples with different particle size
distributions. In addition, Wei and Wang (2017) prepared DEM
samples with the same density, but with different fabric anisotro-
pies that were quantified by both coordination number and contact-
normal fabric anisotropy, where the sample with higher fabric
anisotropy had a lower coordination number. It was also revealed
that the resistance to cyclic liquefaction decreased as fabric aniso-
tropy increased, or coordination number decreased. Otsubo et al.
(2022) successfully isolated fabric anisotropy from other lower-
order descriptors by constructing DEM samples at the same void
ratio, stress conditions, and coordination number but different fab-
ric anisotropies. They observed that samples with a high degree
of anisotropy tend to deform more in their weaker direction at an
early stage of undrained cyclic loading, leading to lower liquefac-
tion resistance than samples with isotropic fabric.

In this study, DEM is used to investigate the impact of aniso-
tropic consolidation on the cyclic liquefaction response of granular
materials. Samples of spherical particles were first created using a
typical DEM sample preparation protocol at loose, medium-dense,
and dense states with a mean pressure of 100 kPa and K. values of
0.5 and 1. To further understand how the inherent fabric and K,
values affect the cyclic liquefaction resistance of granular materials,
two new sample preparation protocols were introduced to reduce
the high contact density in the dense samples while maintaining the
void ratio. It must be noted that the current study does not separate
the coordination number from fabric anisotropy in measuring in-
herent fabric. This limitation can be the subject of future works.
Constant-volume cyclic shearing was performed on these samples
to determine their cyclic liquefaction resistance. It was found that
the effect of K. on the cyclic liquefaction resistance of dense sam-
ples depends on the sample preparation protocol. The observed K.
effects on cyclic liquefaction resistance were attributed to the initial
properties of the samples before shearing and good correlations be-
tween liquefaction resistance and indicators related to the inherent
fabric were observed in most of the numerical experiments.

DEM Setup

The open-source DEM program LIGGGHTS (Kloss et al. 2012)
was used to simulate particle dynamics in the study. The granular
assembly consisted of polydisperse spherical particles that inter-
acted through soft-contact laws. These laws comprised a Hertzian
normal model and a history-dependent tangential model with a
Coulomb friction cut off. The modified elastic-plastic spring dash-
pot model EPSD3 (Ai et al. 2011) was adopted to incorporate roll-
ing resistance into spherical particles, which provided a simple way
to account for the effects of aspherical particle shape or surface
roughness (Radja and Dubois 2011). Details of the contact models
are available in the LIGGGHTS documentation.

The corresponding DEM parameters, including particle density
p, particle Young’s modulus E, Poisson’s ratio v, coefficient of
restitution ¢, tangential friction coefficient p, rolling friction coef-
ficient p,, rolling viscous damping coefficient 7,, and rolling stiff-
ness coefficient 3, are listed in Table 1. The values of E and v were
borrowed from Sufian et al. (2017) to simulate nearly undeformable
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Table 1. DEM parameters

Description Value
Particle density, p(kg/m?) 2,650
Young’s modulus, E(GPa) 70
Poisson’s ratio, v 0.25
Coefficient of restitution, 0.8
Tangential friction coefficient, p 0.5
Rolling friction coefficient, s, 0.1
Rolling viscous damping coefficient, 7, 0.13
Rolling stiffness coefficient, 2.25

particles, which required a high E value so that the average normal
deflection between particles was negligible compared with the par-
ticle size. A high value of € was chosen to introduce a low viscous
force for “weak” dissipation of kinetic energy of colliding particles.
A value of ;= 0.5 was commonly used in the literature for the
shearing stage (e.g., Guo and Zhao 2013; Rahman et al. 2021) to
ensure the DEM sample presented a reasonable critical state friction
angle. The value of y was set to a small nonzero number to en-
hance dissipation while sliding friction remained the main effect.
The other rolling parameters were set to default values suggested
in the LIGGGHTS documentation. LIGGGHTS adopts an explicit
velocity-Verlet time-stepping scheme to update positions, and linear
and angular velocities of spherical particles. A time step size At =
2 x 1077 s was determined to be less than 5% of the Rayleigh (wave
propagation time scale) and Hertz (contact time scale) time step
sizes, ensuring enough accuracy of numerical simulations.

The simulations involved two main phases: (1) constructing DEM
samples via isotropic/anisotropic compression, and (2) applying cy-
clic simple shearing to the sample under constant-volume conditions.

Sample Preparation

All DEM samples in the study consisted of 15,625 spherical par-
ticles, divided into ten discrete subclasses with distinct particle sizes.
The number of particles in each subclass was calculated according
to the approach presented in Mutabaruka et al. (2019), such that the
particle size distribution nearly followed that of Ottawa-F65 sand
(Ghoraiby et al. 2020), while neglecting very small and large par-
ticles with inappreciable volume fractions. Fig. 1(a) presents the tar-
get and resulting particle size distributions. It should be noted that
this study only utilizes Ottawa-F65 sand as a reference to construct

100

Ottawa-F65
-o- DEM

80+

60

40}

20+

Cumulative volume fraction (%)

0.1 0‘.2 0.4
D (mm)

(@)

the DEM sample, without the aim of precisely replicating the sand’s
characteristics. The quantitative validation of the DEM model and
the laboratory experiments on Ottawa-F65 sand is not pursued within
the scope of this study.

The particles were randomly generated and placed on a three-
dimensional (3D) sparse lattice of 25 x 25 x 25 to avoid overlap.
This 3D lattice was contained in a rectangular cell with all six sides
being rigid walls. The sample was then constructed by translating
the six sides of the cell to achieve the final target mean pressure py,
following the four stages of sample preparation outlined in Yang
et al. (2021): (1) using a small gy, densifying the sparse cell by
moving the six rigid walls at a constant small velocity until the void
ratio e reached 1.2, (2) setting the velocities of the six rigid walls to
zero and using a servo-control algorithm to compress the sample
isotropically to the target mean pressure p = 0.1p, with the same
11, (3) replacing the four lateral walls with periodic boundaries, in-
creasing the target mean pressure to 0.2 p,, and continuing isotropic
compression of the sample with the same i1, and (4) modifying p to
0.5 to further compress the sample isotropically or anisotropically to
the final target mean pressure p = p,. Fig. 1(b) provides a snapshot
of a sample that was prepared using this protocol.

The anisotropic compression in stage 4 was realized by setting
different target vertical and horizontal normal stresses to the top
and bottom rigid walls and four lateral periodic boundaries, respec-
tively. More specifically, with the given consolidation stress ratio K .,
the target vertical normal stress (o,) was 0,9 = 3po/(1 + 2K_,)
and the target horizontal normal stress (o, and o,) was oy =
K .oyy. The aforementioned four-stage sample preparation protocol
was denoted as protocol A (PA). Fig. 2 presents the schematic stress
paths, including the last three stages of PA, given the zero-stress
state in stage 1. It should be noted that the simulated stress path be-
tween o, and oy, in each stage may not follow the linear trend of
Fig. 2, which heavily depends on the servo-control algorithm. The
first six rows in Table 2 list the samples prepared by following PA,
including anisotropically consolidated (AC) and isotropically con-
solidated (IC) dense (D), medium-dense (M), and loose (L) samples.

One of the signatures of the dense samples prepared using the
protocol PA is that they show noticeably high contact density (num-
ber of contacts per unit volume). This is a direct result of the use of
small tangential friction g in the first three stages of preparing the
PA dense samples, which is analogous to partially lubricating con-
tacts in the assembling stage. To mitigate this issue, protocol B (PB)
was introduced, which involved subjecting the samples of PA to a

(b)

Fig. 1. (a) Particle size distributions; and (b) snapshot of the simulated sample composed of 15,625 particles.
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Fig. 2. Stress paths for preparing anisotropic samples with varying
initial consolidation ratio K., showing stages 2—4 of the sample pre-
paration process.

Table 2. Properties of DEM samples at p, = 100 kPa (e, = 0.669,
enin = 0.510)

Dr GO
Sample ID = K. e (%) (MPa) zyo dco € Zme

PA-AC-D 0.1 0.5 0.586 522 105.8 545 0.06 0.654 4.44
PA-IC-D 0.1 1.0 0586 522 129.7 5.61 0.05 0.665 4.44
PA-AC-M 02 0.5 0620 308 50.6 4.67 0.17 0.677 4.26
PA-IC-M 02 1.0 0.620 30.8 84.1 494 0.04 0.684 4.28
PA-AC-L 04 05 0653 101 22.1 433 037 0.687 423
PA-IC-L 04 1.0 0.659 63 349 444 0.08 0.692 4.26
PB-AC-D 0.1 05 0.585 52.8 50.1 4.66 0.18 0.664 4.27
PB-IC-D 0.1 1.0 0585 528 55.0 471 0.15 0.665 4.24
PB-AC-M 02 0.5 0.614 34.6 332 439 0.26 0.676 4.21
PB-IC-M 02 1.0 0.615 339 365 444 0.16 0.674 4.19
PB-AC-L 04 05 0.630 245 25,6 429 0.34 0.684 4.14
PB-IC-L 04 1.0 0.638 195 28.0 431 0.19 0.682 4.16
PC-AC-DI 02 0.5 0.583 541 669 500 0.17 0.661 4.36
PC-IC-DI 02 1.0 0.583 54.1 87.9 5.15 0.04 0.660 4.38
PC-AC-D2 03 0.5 0586 522 46.7 4.68 0.27 0.667 4.28
PC-IC-D2 03 1.0 0.586 522 634 485 0.06 0.663 4.30
PC-AC-D3 04 0.5 0.589 503 38.1 459 0.28 0.661 4.29
PC-IC-D3 04 1.0 0589 503 494 469 0.01 0.661 4.30
PC-AC-M1 03 05 0.622 29.6 347 455 024 0.684 4.27
PC-IC-M1 03 1.0 0.622 29.6 57.5 475 0.03 0.681 4.28
PC-AC-M2 04 05 0.623 289 29.6 4.45 0.29 0.679 4.25
PC-IC-M2 04 1.0 0.623 289 439 457 0.03 0.681 4.25
PC-AC-L 045 05 0.648 132 213 434 034 0.688 423
PC-IC-L 045 1.0 0.650 119 31.7 440 0.06 0.691 4.22

fifth stage to reduce the contact density while aiming to maintain
the same sample density. Adopting the approach introduced by
(Agnolin and Roux 2007), this fifth stage of PB involved applying
a homogeneous expansion, where all coordinates were multiplied
by a common factor A slightly greater than 1. Velocities were as-
signed to particles in all three spatial directions, where each com-
ponent was chosen randomly from a range between —wv; and vy, and
the servo-control algorithm was continued with po = 0.5 to reach the
target stress state. Six DEM samples were prepared via PB with A\ =
1.0005 and v; = 0.02 m/s as presented in Table 2, where, for ex-
ample, PB-AC-D refers to the sample PA-AC-D that was subjected
to the fifth stage of sample preparation as explained above.

In addition to PB, another alternative referred to as protocol C
(PC) was also introduced to mitigate the issue of high contact
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density in PA because of the use of small z;. Inspired by the work
of Kuhn et al. (2014), the PC followed the same four stages of PA,
with the only difference being in stage (2): during the servo-control
isotropic compression in this stage, velocities were assigned to par-
ticles in all three spatial directions at every certain number of analy-
sis steps denoted as ng,... Each velocity component was chosen
randomly from a range between —v; and v;. The choices of py, vy,
and ng,e. will determine the stable packing density of the DEM
sample, requiring iterative trials to prepare PC samples with similar
densities to the PA samples. The last few rows in Table 2 present the
prepared PC samples, where v; = 0.13, 0.07, and 0.03 m/s are used
to construct dense, medium-dense, and loose samples, respectively,
with ng,..= 10°. Unlike the single pair of PA or PB dense samples,
consisting of samples with the same density and pressure but differ-
ent K. values (i.e., the IC and AC samples), three pairs of PC dense
samples were included due to variations in y;. This decision was
made because these PC dense samples exhibited distinct responses
to anisotropic consolidation. Additional pairs of PA or PB dense
samples were generated by introducing controlled disturbances, such
as varying particle initial positions in the PA samples or using dif-
ferent A values in the PB samples. However, these disturbances did
not result in discernible differences in relative liquefaction resis-
tance. Furthermore, in Table 2, two pairs of PC medium-dense sam-
ples were included to emphasize that the observed distinctions in
PC dense samples do not necessarily extend to PC medium-dense
(and even loose) samples, as will be illustrated in the next section.

Simple Shearing

The cyclic simple shearing simulation was carried out using a nu-
merical model with biperiodic lateral side boundaries. To maintain
a constant sample volume, four lateral sides and the bottom wall
were fixed, while the sample height 2 was kept constant. The top
wall was moved horizontally along the x axis at a constant velocity
v, to impose the cyclic shearing. To prevent slippage between the
walls and the sample, a layer of particles was glued to the top and
bottom walls, respectively. The kinematics of these particles only
followed the imposed velocity on the walls. The direction of shear
was reversed each time the magnitude of shear stress 7, obtained
from the calculated stress tensor, reached a target amplitude 72™P.
Unless explicitly stated otherwise, by default, this study adopts the
CSR defined by the ratio

7amp

Po

CSR =

(3)

namely normalizing 7*™P by the initial mean stress p,. The biperi-
odic boundary conditions ensured that the lateral sides of the sam-
ple were replicated periodically, so that the sample appeared infinite
in the lateral directions. This is in contrast to the Cambridge- or
NGI-type simple shear devices, where the lateral sides of the sam-
ple are rotated by horizontal movement of the top wall.

The appropriate shear rate was determined by evaluating the in-
ertial number I = v d +/p/p, where 4 = |v,|/h denotes the shear
rate, & is the sample height, and p and d represent the solid density
and mean particle diameter, respectively. The inertial number rep-
resents the shear rate normalized by the relaxation rate under the
action of the average pressure p. The shearing is practically quasi-
static if < 1073 (MiDi 2004). When the sample liquefies, the average
pressure, p, degrades to vanishingly small values due to unjamming,
which may cause the inertial number, /, to increase beyond 1073 re-
gardless of its value before liquefaction. In the studied experiment,
the shear rate, <, was set to 1 s~! to increase simulation speed while
maintaining quasistatic shearing during jammed states. The higher
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values of / at unjamming occur as a result of unstable deformation
and sudden decrease of p, which is an intrinsic feature of cyclic
liquefaction only and not influenced by the loading rate.

Initial Fabric Description

Two micromechanical contact-based indicators, namely the mechan-
ical coordination number z,,, and fabric anisotropy a,, were adopted
in this study to quantify the inherent fabric of DEM samples. The
mechanical coordination number z,, is defined as the average num-
ber of contacts per particle, excluding particles with zero and one
contact as these particles do not contribute to expanding force net-
work (Thornton 2000)

1
2N, —N},

= T (4)
N,—NY—N)},

Zm
where N, = number of contacts; N, = number of particles; and N(,),
and N }, are the numbers of particles with zero and one contact, re-
spectively. The fabric anisotropy a, represents the deviatoric invari-
ant of the fabric anisotropy tensor a., quantifying the degree of
geometrical anisotropy related to the directional distribution of con-
tact normals n (Kanatani 1984)

a. = %ac: a, (5a)
1 1
ac*7<¢c_§l) (Sb)
1
b, =— Zn ®n (5¢)
NC ceN,

Here, I = second-order identity tensor; ¢, = fabric tensor related
to n (Oda 1982); and ® = tensor dyadic product.

The initial values of z;,, and a, for samples prior to shearing are
provided in Table 2, and their variations with D, are presented in
Fig. 3. It is observed that z,, increases with increasing D, for all
samples, with IC samples always presenting higher z,,o and lower
a.o than their AC counterparts. At similar D, PA samples generally
exhibit higher z,,o and lower a., compared with PB and PC ones,
confirming the aforementioned that PA specimens tend to have
larger contact densities. For PA and PB samples, the gap in a,,
between AC and IC specimens reduces with increasing D,, but this
does not apply to PC samples. Different from IC samples of PA and
PC with small a,y, PB-IC ones show noticeably higher a,, values.

These packing properties will be linked to the cyclic liquefaction
response of the samples, as revealed later.

Macroscopic Response

The stress tensor ¢ of the granular packing was obtained by volu-
metrically averaging the particle stress tensor 67 for particles in the
selected region B (e.g., O’Sullivan 2011; Kuhn 2017)

1
c= VB ZV”'BGI’ (6)
peB

where V2 = volume of the region B3; and V? B = intersection volume
of particle p and region B. If particle p is completely contained in
the region B, V78 is equal to the particle’s volume, V”. The particle
stress tensor 6” was determined with respect to the contact forces
against neighboring particles or boundaries and the distances be-
tween the particle center and contact point as follows:

1
o’ =7 > rer @ fer (7)

ceCr

where CP = contact set of particle p; r®? = r° —rP connects the
contact point ¢ and the center of particle p; and f7 = contact force
exerted on particle p at the contact point c. In the simple shear test,
the shear stress 7 and mean effective stress p were calculated as
T =0, and p = (0, + 0y, + 0,,)/3, respectively.

The DEM simulations did not explicitly simulate pore water;
however, the deduced excess pore pressure in the equivalent un-
drained system with an incompressible fluid was computed as
the variation of the simulated reduction in mean effective stress,
i.e., Au = py— p. The excess pore pressure ratio was given by
r, = Au/pg =1— p/py. The shear strain v was defined as the ra-
tio x,,/h, where x,, represents the cumulative horizontal displace-
ment of the top wall. The number of cycles N was used as a time
variable instead of the running time 7, where a fractional number was
defined by interpolation between two successive cycles. Specifi-
cally, a cycle started with v = 0, reached a quarter when -y attained
the positive amplitude, became a half when -y dropped back to zero,
and approached the third quarter with the negative amplitude of ~.

Results from PA Samples

Fig. 4 displays the simulated macroscopic response of PA dense
samples subjected to constant-volume cyclic simple shearing of
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Fig. 3. Variations of (a) initial mechanical coordination number z,,y; and (b) initial contact normal-based fabric anisotropic a., of the DEM samples

with their D,.
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Fig. 4. Macroscopic response of constant-volume cyclic simple shear simulations for PA dense samples under CSR = 0.50: (a) data for K, = 0.5
(PA-AC-D); (b) data for K. = 1.0 (PA-IC-D); and (c) comparing the samples for evolutions of excess pore pressure ratio and shear strain.

magnitude CSR = 0.50. The figure includes the stress paths of
shear stress 7 versus mean effective stress p, the stress—strain loops
of shear stress 7 versus shear strain -y, the evolution of excess pore
pressure ratio r,, and the development of shear strain . The simu-
lations presented in Figs. 4(a and b) correspond to the anisotropically
consolidated sample with K. = 0.5 (PA-AC-D), and isotropically
consolidated sample with K. = 1.0 (PA-IC-D), respectively.

The simulations start from p = 100 kPa, 7 = 0 kPa, and v = 0.
As 7 oscillates in the range of £7*™P, p declines gradually, which
translates to the evolution of the deduced r,. The reverse loading
after each dilative phase (p increasing) shows an accelerated pace
of increase of r,, while shear strain develops mildly at the same
time. The first time that p drops below 1 kPa or r, reaches above
0.99 is named initial liquefaction and the corresponding number of
cycles is denoted as Ny, describing cyclic liquefaction resistance.
The cyclic shearing stages before and after initial liquefaction are
referred to as pre- and post-liquefaction periods, respectively, which
are distinct in light and dark colors in Fig. 4. The post-liquefaction
stress path gets trapped in a typical butterfly shape, and the corre-
sponding stress-strain loops keep expanding at each cycle—a mani-
festation of the so-called cyclic mobility.

Fig. 4 reveals similar macroscopic responses for both PA-AC-D
and PA-IC-D samples. However, a detailed inspection of the re-
sponses reveals that all three normal stress components of PA-
AC-D do not exhibit the same decreasing rate because they vanish
at the same time at initial liquefaction. This indicates that the vertical
normal stress presents a higher decreasing rate than the horizontal
normal ones (Vargas et al. 2020). Additionally, the variations of lat-
eral stress ratio K}, for AC and IC samples are different, as depicted
in Fig. 5, where Ky, = 0,,/0,, and K},, = 0, /0.. The K, of the
IC sample stays around 1, whereas the K of the AC sample in-
creases gradually from the initial value of 0.5 to 1, which is con-
sistent with the observations of Ishihara et al. (1977).

The macroscopic response of PA medium-dense samples under
CSR = 0.20 and PA loose samples under CSR = 0.08 were simu-
lated, and the results are presented in Figs. 6 and 7, respectively.
Each figure includes both anisotropically and isotropically com-
pressed samples. The overall response in Fig. 6 is similar to the re-
sponse in Fig. 4. However, the anisotropically compressed sample
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Fig. 5. Variations of horizontal stress ratio K}, = oy,/0, in the pre-
liquefaction stage during cyclic simple shearing for PA dense samples
under CSR = 0.50.

PA-AC-M liquefies in a lower number of cycles than the isotropi-
cally compressed sample PA-IC-M.

For the loose samples shown in Fig. 7, the stress path results
indicate that after a certain number of loading cycles, the samples
cannot provide enough shear strength to reach the specified 72™P.
This is highlighted by the star marker and is referred to as cyclic
instability, followed by flow liquefaction. This phenomenon is
widely observed in loose saturated granular materials subjected to
cyclic shearing. Different from the dense case and similar to the
medium-dense sample, the number of loading cycles for PA-AC-L
sample to reach initial liquefaction is apparently smaller than for PA-
IC-L. This suggests lower liquefaction resistance in the PA-AC-L
sample.

In Fig. 8, the cyclic liquefaction resistance curves for all PA
samples are summarized, with both stress- and strain-based defini-
tions of initial liquefaction chosen as the first time either r, reaches
0.99 or the single amplitude of shear strain g, exceeds 3%, respec-
tively. Both definitions provide similar observations. It is observed
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Fig. 7. Macroscopic response of constant-volume cyclic simple shear simulations for PA loose samples under CSR = 0.08: (a) data for K. = 0.5
(PA-AC-L); (b) data for K. = 1.0 (PA-IC-L); and (c) comparing the samples for evolutions of excess pore pressure ratio and shear strain.

that the cyclic liquefaction resistance of PA-M and PA-L samples
apparently increases with increasing K., or IC samples present
higher liquefaction resistance than AC ones, which is consistent
with the findings of Georgiannou and Konstadinou (2014), although
a different cyclic loading pattern was adopted. The K. effect on
the cyclic liquefaction resistance of PA-D samples is negligible,
seemingly consistent with the findings of Ishihara et al. (1977) and
Tatsuoka et al. (1982) for samples with D, = 50%. However, this
comparison is not fair since the cyclic resistance ratio CRR,, = 0.5
(CSR causing initial liquefaction in 20 cycles) is much larger than
their CRRyy (= 0.2), although these samples share similar D,. This
means that the PA-D samples have much stronger internal structure
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or behave like samples with higher D, (say = 75%) than theirs.
If one follows the latter statement, the observation about PA-D sam-
ples is different from Tatsuoka et al. (1982), who noticed higher
liquefaction resistance for samples with D, > 70%. Additionally,
PA samples with higher D, = 69% (not presented in this paper)
were also tested, and both IC and AC samples provide CRR70 =
1.2 (CSR causing initial liquefaction in 70 cycles), which means
that further increasing D, does not see the reverse trend of K, effect
as postulated by Georgiannou and Konstadinou (2014). In sum-
mary, the effect of K. on the cyclic liquefaction resistance of PA
samples was found to depend on D,. For loose and medium-dense
samples, IC samples exhibited higher liquefaction resistance than

J. Geotech. Geoenviron. Eng.

J. Geotech. Geoenviron. Eng., 2024, 150(5): 04024028



Downloaded from ascelibrary.org by University Of British Columbia on 03/03/24. Copyright ASCE. For personal use only; all rights reserved.

000 Ky,=05
00 K. =1.0

Fig. 8. Cyclic liquefaction resistance curves for PA samples with varying levels of D, and K, using two different approaches to define initial

liquefaction: (a) r, = 0.99; and (b) vg4 = 3%.

AC samples. However, with increasing D,, the difference in cyclic
liquefaction resistance between the two types of samples decreased
until it became negligible.

Results from PB Samples

The stress path and stress-strain response of the PB samples are quali-
tatively similar to those of the PA samples. However, the PB-D and
PB-M samples exhibit a faster transition to initial liquefaction com-
pared to the PA-D and PA-M samples, respectively, which can be
attributed to the distinct sample preparation protocols leading to
variations in the inherent fabric of the samples. In the interest of
brevity, the stress path and stress-strain response for the PB samples
are not presented here. Instead, Fig. 9 displays the cyclic liquefac-
tion resistance curves for all the PB samples, which reveals two
remarkable findings. The effect of K. on the liquefaction resistance
of PB samples becomes insignificant, regardless of D,. Addition-
ally, compared to the corresponding PA samples shown in Fig. 8,
the dense and medium-dense PB samples exhibit substantially
lower cyclic liquefaction resistance curves. For instance, the CRR»
for PB-D samples is approximately 0.3, which is closer to the
CRR, of laboratory samples with similar D, found in the literature
(e.g., Ishihara et al. 1977; Tatsuoka et al. 1982; Vargas et al. 2020).

Although the CRR,, of PB-M samples (0.11) falls between
those of PA-IC-M (0.24) and PA-IC-L (0.08), treating PB-M sam-
ples as PA samples with D, ranging between 10% and 30% creates
a contradiction. This is because PA-IC samples in that range of D,
exhibit much higher liquefaction resistance than PA-AC samples,
which is not the case for PB-M samples. Therefore, PB-M samples
are genetically different from PA-M or PA-L samples, and this issue
will be explored in more detail later.

Results from PC Samples

Six PC samples were constructed, consisting of three dense, two
medium-dense, and one loose sample. Comparing the PC-D1 sam-
ples with the PA-D and PB-D samples, there were no qualitatively
distinct responses, except for the reduced number of loading cycles
approaching initial liquefaction. This observation also applied to
the PC-D2 and PC-D3 samples. In other words, all PC-D samples
listed in Table 2 exhibited cyclic mobility-type liquefaction. The
stress path and stress-strain response of the PC samples were not
presented for the same reasons as the PB samples. While the three
PC-D samples presented in Table 2 exhibited cyclic mobility-type
liquefaction, it is worth noting that by reducing y; to the extreme of
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Fig. 9. Cyclic liquefaction resistance curves (r, = 0.99) for PB
samples with varying levels of D, and K.

0.5, one can prepare a PC-D sample that exhibits flow liquefaction.
This indicates the importance of inherent fabric induced by sample
preparation protocols in addition to D,.

As flow liquefaction is not expected at D, > 50% in typical lab-
oratory sample preparation techniques for sands, the corresponding
PC samples that experience flow liquefaction are not presented in
Table 2. It is worth noting that laboratory tests on sands have shown
the occurrence of flow liquefaction for such densities in some con-
secutive re-liquefaction scenarios (e.g., Yamada et al. 2010; Amini
etal. 2021; Yang et al. 2022b). This suggests that flow liquefaction
at such densities is possible under certain fabric conditions for sands.
PC-M2 is a medium-dense PC sample that presents flow liquefac-
tion in the cyclic simple shear simulations (stress—strain response
not shown). This sample is maintained in the database with the pur-
pose of checking whether liquefaction type (cyclic mobility versus
flow liquefaction) influences the K. effect on the cyclic liquefac-
tion resistance.

The cyclic liquefaction resistance curves for all PC samples are
summarized in Fig. 10. Fig. 10(a) reveals a variety of K. effects on
the cyclic liquefaction resistance of PC-D samples at similar D,.
The PC-AC-D1 sample presents higher liquefaction resistance than
PC-IC-D1, with CRR, of 0.33 versus 0.20, respectively, consis-
tent with the findings of Hosono and Yoshimine (2008) and Vargas
et al. (2020). This trend, however, is reversed for PC-D2 samples,
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Fig. 10. Cyclic liquefaction resistance curves (r, = 0.99) for PC samples with varying levels of D, and K.

with CRR,, of 0.18 versus 0.15, respectively, which agrees with
Georgiannou and Konstadinou (2014). The K, effect on the cyclic
liquefaction resistance of PC-D3 samples appears to be negligible,
similar to the cases of PA-D, PB-D, and PB-M samples, consistent
with the early finding of Ishihara et al. (1977).

It is worth noting that the PC samples were prepared using the
same sample preparation protocol, with the only difference being
the y; value, which was used to mimic a lubrication effect during
the sample preparation process. Surprisingly, the resulting PC sam-
ples exhibited different K. effects on the cyclic liquefaction resis-
tance for the dense samples. While it is acknowledged that the
idealized PC protocol may not precisely replicate the actual sample
preparation procedures utilized in the referenced experimental stud-
ies, it can be inferred from our current observations that the con-
troversial results obtained in prior laboratory experiments may be
attributed to variations in sample preparation protocols. The K. ef-
fect on the cyclic liquefaction resistance of PC-M1 and PC-M2
samples, as shown in Fig. 10(b), was consistent with the effect ob-
served in PA-M and PA-L samples. Specifically, the IC samples
exhibited higher liquefaction resistance compared to the AC sam-
ples, which was only reported by Georgiannou and Konstadinou
(2014).

Summary

The cyclic resistance ratio CRR, values, which represent the cyclic
liquefaction resistance induced by the cyclic stress ratio (CSR) after
twenty loading cycles, were extracted from the cyclic liquefaction
resistance curves shown in Figs. 8—10. The relationship between
CRR, and D; is illustrated in Fig. 11. For D, = 30%, the PA sam-
ples exhibited significantly higher CRR,, values compared to the
PB and PC samples. This difference becomes more pronounced as
D, increases. Among the PC samples, it was observed that higher
relative densities did not necessarily result in higher cyclic lique-
faction resistance.

Fig. 11 emphasizes the complexities of the K. effect on the
cyclic liquefaction resistance of granular materials. It indicates a
clear dependence on relative density and sample preparation pro-
tocol. Unlike D,, the specific effects of different sample preparation
protocols on the cyclic liquefaction resistance have not yet been
thoroughly assessed, and there is a lack of indicators that can ef-
fectively differentiate between various protocols. However, the
striking similarity between Figs. 11 and 3(a) provides a promising
indication that can serve as a valuable guide for deriving a universal
explanation of the K. effect on the cyclic liquefaction resistance
of granular materials. This significant correlation motivates further
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Fig. 11. Relation between cyclic resistance ratio (CRR), resulting in
initial liquefaction (r, = 0.99) after twenty cycles, and relative density
(D,) for all DEM samples.

investigation in the subsequent sections to unravel a comprehensive
understanding of the underlying mechanisms.

Initial State and K .-Enhanced Liquefaction
Resistance

Several macroscopic and microscale descriptors, such as initial
shear wave velocity, initial state parameter, and initial values of co-
ordination number and fabric anisotropy, have exhibited strong cor-
relations with cyclic liquefaction resistance. This section employs
these descriptors with the aim of establishing a more universal
correlation by incorporating the K, effect. The effect of anisotropic
consolidation on liquefaction resistance is primarily presumed to be
associated with the inherent properties of the samples, specifically
focusing on the examination of the packing properties of the
samples at the onset of the constant-volume cyclic shearing stage.
Further analysis considering the evolution of contact network may
be valuable but not within the scope of this study.

Initial Shear Wave Velocity

The initial shear wave velocity V, has been widely used to corre-
late with cyclic liquefaction resistance of isotropically consolidated

J. Geotech. Geoenviron. Eng.

J. Geotech. Geoenviron. Eng., 2024, 150(5): 04024028



Downloaded from ascelibrary.org by University Of British Columbia on 03/03/24. Copyright ASCE. For personal use only; all rights reserved.

05 05
Ke K¢
051.0 051.0
04 PA o & 04 PA o & l
PB o # PB 0 ®
_03fPC o ¢ _03|PC ° ¢ |
o o
o o
© 0.2} © o2l 1
01} 01} ]
00 ! ! 00 \m ’ !
~0 100 200 300 0 100 200 300
(a) Veo (m/s) (b) Veo (M/s)

Fig. 12. Correlation between cyclic liquefaction resistance ratios and initial shear wave velocity V: (a) CRRy; and (b) CRRj,,. The dashed and solid
lines represent the power function trends for K. = 0.5 and 1.0, respectively.

soil samples under undrained cyclic triaxial loading (e.g., Tokimatsu
et al. 1986; Tokimatsu and Uchida 1990; Chen et al. 2005; Wang
et al. 2006; Zhou and Chen 2007; Baxter et al. 2008; Ahmadi and
Paydar 2014). Laboratory data from these studies indicate that at
constant effective confining stress, the correlation between cyclic re-
sistance ratio CRR and V, for a given soil is independent of the
sample preparation methods and stress history but dependent on
the soil type, i.e., the correlation is not unique for all soils. From
the DEM simulations of undrained cyclic triaxial tests on samples
with various relative densities, confining pressures, and micropara-
meters, Xu et al. (2015) further identified two microparameters
including interparticle friction and particle shear modulus that no-
ticeably affect the uniqueness of the CRR-V, relationship.

In this paper, the initial shear modulus G, is approximated by
the average small-strain shear modulus with v < 2 x 107, based on
linearizing the stress-strain curve 7-7v of constant-p simple shear
simulations (as introduced later) in the very beginning of shearing,
whose values are reported in Table 2. V is thus obtained by

1Gy
Ve = 4 | — 8
¥ Psat ( )

with the saturated density pg, = (p + pneg)/(1 + ¢g) and p,, de-
noting water density. It should be noted that we do not explicitly
model water in the simulation and adding p,, in Eq. (8) does not
change the following observations noticeably. Another method to
measure shear wave velocity in the DEM model, mentioned by Xu
et al. (2015), is simulation of the propagation of a velocity pulse.
They compared Vg, values from both methods and did not reveal
noticeable difference when the sample had very small deformation.

Fig. 12(a) presents the relationship between CRR,, and V, for
all the DEM samples listed in Table 2. The scattered data points in
Fig. 11 become more condensed and well-organized in Fig. 12,
suggesting the advantage of utilizing V, over D, in correlating
with cyclic liquefaction resistance. Although a clear collapsing
CRR,, and V, relationship is not observed for all the samples, AC
samples tend to exhibit higher CRR,, values at similar V,. The
data points for IC or AC samples, except PB-D samples, indicate
a power relationship in the form

CRRy o (V,)” 9)

with § = 3.49 for K. = 0.5 and B = 2.96 for K. = 1.0, suggesting
the influence of K. on the CRR,, and V, relation. However, if we
define CSR with respect to the initial vertical normal stress o, the
associated cyclic stress ratio CRRY, is linked to CRR as follows:
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which helps decrease the CRR value. Thus a similar correlation
function to Eq. (9) is introduced as

CRRj, oc (V,)° (1)

Fig. 12(b) displays the relationship between CRRY, and V,,
where all the data points, excluding PB-D samples, appear to fol-
low a similar power function, indicating the negligible effect of K.
on the CRRY, and V, relation. This observation provides a com-
pelling rationale for advocating the definition of CSR in simple
shear tests with respect to o rather than p. Therefore, the approx-
imately unique relationship between CRR}, and V, offers an ap-
proach to assess the effect of K. on cyclic liquefaction resistance.
Given the V, values for two samples with different K., one can
approximate CRR3, using the CRR}, — V, relationship. Eq. (10)
allows us to determine the CRR,, value for each sample.

State Parameter

In addition to the initial shear wave velocity, the initial state param-
eter 1, has also been widely used to correlate with the cyclic lique-
faction resistance of soils in laboratory experimental data (e.g., Yang
and Sze 2011; Porcino et al. 2021) and DEM studies (e.g., Gu et al.
2020; Rahman et al. 2021; Banerjee et al. 2023, 2024). The state
parameter 1),, introduced by Been and Jefferies (1985), quantifies
the difference between the current void ratio e and the critical state
void ratio e, at the same mean stress p, represented as 1, = e — e..
Here, 1,y denotes the state parameter at the beginning of cyclic
shearing. Recent studies have revealed that the cyclic liquefaction
resistance generally decreases with increasing initial state parameter
1,0, although a unique relationship between CRR and v, cannot be
expected for different soils or even the same soil because the initial
fabric effects are not accounted for in 1, (Jefteries and Been 2015).
Similarly, Gu et al. (2020) suggested a state parameter 1, with re-
spect to coordination number, denoted as v, = z,, — Z., Where
considered the initial fabric effect to some extent and exhibited a
better linkage with cyclic liquefaction resistance.

In this study, the approach proposed by Banerjee et al. (2023)
was adopted to determine 1), and 1, for each sample. A special
strain control constant-p shearing protocol was employed to di-
rectly deduce the values of e, and z,,,. corresponding to p,. In this
protocol, biperiodic boundary conditions were applied to the lateral
sides of the sample box, and the normal stresses, including o, 0y,
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Fig. 13. Correlations of cyclic resistance ratios CRR,, or CRR},, and initial macro and micro state parameters: (a and c) for void ratio-based state
parameter 1),; and (b and d) for coordination number-based state parameter 1),

and o,,, were maintained constant using a servo-control algorithm.
The sample was sheared under a constant shear velocity applied to
the top wall along the x direction. As a result, variations in shear
stress occurred until the sample reached a state close to the critical
state, where shear stress 7 and void ratio e reached a nearly steady
state. The corresponding values of e, and z,,,. at this state are also
listed in Table 2. It is worth noting that the variations in e and 7z,
were not significant, given the uniqueness of the critical state con-
dition for samples with the same particle properties.

Fig. 13 presents the relationship between CRR,, or CRR3, and
the state parameters 1), and v,. The data points are fitted with an
exponential function given by

CRRy (orCRR},) o e™™0;  CRRyy (or CRR}y) o ekt (12)

where n and k are positive fitting parameters. In Fig. 13(a), the data
points for PA are clearly positioned above those for PB and PC,
highlighting the limitations of linking CRR,, with 1,4 as mentioned
by Jefferies and Been (2015). This limitation persists when substi-
tuting CRR,, with CRR3,, as shown in Fig. 13(c). The advantage of
1,0 over 1, when linking with cyclic liquefaction resistance is
revealed by the convergence of data points in Figs. 13(b and d),
indicating a consistent relationship irrespective of K. value, despite
outliers from PB-D samples. It can be approximated that CRR,,
or CRR}, increases with increasing .y, and the diverse effects
of K. on CRR, can be attributed to the differences in 1), or even
Zmo, considering the slight variations in z,. among different
samples. Based on this, it can be postulated that the K. effect on
cyclic liquefaction resistance, depending on the sample preparation
protocol, is actually governed by the initial coordination number

© ASCE

04024028-11

Zmo, Which may serve as the microscopic origin for the initial shear
wave velocity V.

Coordination Number and Fabric Anisotropy

The more highly scattered pattern between CRR, and 1, (or z;,,9)
in Fig. 13(d) compared with the relation of CRR}, and V, in
Fig. 12(b) indicates something missing in the micromechanical
analysis. Here a higher order microscopic descriptor, i.e., the con-
tact normal-based fabric anisotropy a. is introduced and combined
with z,, to be linked with the cyclic liquefaction resistance of
granular materials. Recently Otsubo et al. (2022) investigated sam-
ples with the same z,,, but varying a, to isolate the influence of a,
and found that the cyclic liquefaction resistance under constant-
volume cyclic triaxial loading decreases as a, increases. This find-
ing, combined with the study by Gu et al. (2020) indicating that
liquefaction resistance increases with higher z,,, suggests that for
the same material, liquefaction resistance tends to increase with
higher coordination number or lower contact normal-based fabric
anisotropy. This hypothesis is derived from two independent stud-
ies that utilized undrained cyclic triaxial simulations of spherical
particles. However, further investigation is required to determine
whether the hypothesis can be extended to different loading con-
ditions, such as simple shear, and to ascertain the potential impact
of other particle properties, such as particle shape. Nonetheless, a
simple exponential function was adopted to establish the relation
between CRR}, and (zpg, deo)s as

CRREO o ekzmo—mac ( 13)

with k and m = positive fitting parameters.
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To verify this hypothesis, the DEM simulation data was used
to determine the fitting parameters k and m. This process did not
involve the imposition of constraints that ensure positive fitting
parameters. Fig. 14(a) presents the relationship between CRR},
and (z;0,de) based on the simulation data. The fitting surface
followed Eq. (13) with k = 1.252 and m = 1.226, in good agree-
ment with the hypothesis, confirming the general trend that CRR3,
increases with increasing z,, or decreasing a.y. Additionally,
Fig. 14(b) shows the contour of the fitting function in the a.y — z,0
plane, where the marker size of data points represents the magni-
tude of CRR3;,. The noticeable inclination of the contours, whose
slope angle is quantified by the ratio k/m(= 1.02), graphically dem-
onstrates the coupling effect of z,,y and a, on the CRR} value. The
assumed linear relationship between a,, and z,, in influencing
CRRj, implies the similar amount of contribution for the same
amount of increment in z,,,, or decrement in a.y, which should be
revisited with a larger dataset.

Performance in Capturing K. Effect

The earlier parts of this section established three correlation func-
tions linking liquefaction resistance CRRj, with three different
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initial descriptors as shown in Eqgs. (11)—(13), with their perfor-
mance illustrated in Figs. 12—14, respectively. To assess their util-
ity in inferring the effect of K. on CRR,,, one can determine the
CRRj,, value of the sample based on the relevant initial descriptors
and then convert it to CRR, using Eq. (10). For samples with dis-
tinct K. values, the influence of K. on the liquefaction resistance
can be quantified by comparing the ratios of CRR¢ and CRRc.
The ratio obtained through correlation functions is denoted as pre-
dicted CRRc/CRRyc. Fig. 15 presents the comparisons between
predicted CRRp¢/CRRc and simulated CRR,-/CRR}c, where
the latter are directly obtained from DEM simulations. To evaluate
the performance of each correlation function, two metrics are intro-
duced: (1) the percentage of data points within 20% relative error
(220% RE) indicated by the shaded area, and (2) the qualitative
trend indicating whether the data points fall into the first and third
quadrants. By counting the number of successful cases that satisfy
each metric, it can be concluded that the correlation function as-
sociated with initial shear wave velocity exhibits the best perfor-
mance, followed by the inherent fabric and the initial state parameter.
These two metrics serve as measures of the goodness of fit, sim-
ilar to R-squared. It is important to note that this study provides a
limited database, making cross-validation, as commonly employed
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in machine learning models, unfeasible at this stage. However, it
remains a possibility in the future as more data is accumulated.

Conclusions

This study investigated the effect of anisotropic consolidation, K.,
on the cyclic liquefaction resistance of granular materials through
3D-DEM constant-volume cyclic simple shear simulations. Two
types of DEM samples, anisotropically consolidated (AC) with
K, = 0.5 and isotropically consolidated (IC) with K. = 1, were
constructed at the similar confining stress p, and relative density
D, following three sample preparation protocols (PA, PB, and PC).
Three levels of D, were considered, denoted as dense (D), medium
dense (M), and loose (L). These samples were then subjected to
constant-volume cyclic simple shearing to determine the liquefac-
tion resistance, which was quantified by the cyclic resistance ratio
CRRy.

This study revealed that the effect of K. on the cyclic liquefac-
tion resistance of granular materials could be influenced by the
sample preparation method in different ways. The results indicated
that PA-IC specimens exhibited higher cyclic liquefaction resis-
tance compared to PA-AC specimens, and the difference reduced
as the relative density D, increased. However, PB-IC and AC sam-
ples exhibited similar cyclic liquefaction resistance, irrespective
of D,. In the case of PC-M and PC-L samples, the IC specimens
showed higher liquefaction resistance than their AC counterparts.
The K, effect on the cyclic liquefaction resistance of PC-D spec-
imens was found to be highly dependent on the tangential friction
coefficient g used in the sample preparation.

The observed discrepancies in liquefaction resistance were at-
tributed to the initial properties of the samples prior to constant-
volume cyclic simple shearing. Three types of initial descriptors,
including the macroscale initial shear wave velocity (V,), and the
microscopic level initial state parameter associated with coordi-
nation number (1)) and inherent fabric quantified by (z.,9, @)
showed strong correlations with CRR3,, regardless of K. values.
Here CRR}, is associated with the CSR defined by 7™ /g, be-
having as the CRR,, with K. embedded. These correlation func-
tions offer a means to infer the effect of K. on CRR,,. Based on the
database established in this study, the CRR3;—-V, relation demon-
strates the best performance in capturing the K. effect, followed by
the CRR3;—(21m0 @) and CRRj;—1), relations. While the macro-
scale V is widely utilized in practical applications, the micro-
scopic parameters shine a light on the inner workings of V. The
findings presented here underscore a potential connection between
shear wave velocity and fabric, as also observed in recent studies
(e.g., Mital et al. 2020; Li et al. 2023; Gu et al. 2023), but now in the
context of cyclic liquefaction. This insight, particularly in under-
standing and unifying the influence of K, on cyclic liquefaction re-
sistance, is of significant importance.

Overall, the results of this study enhance the understanding of
the influence of anisotropic consolidation on the cyclic liquefaction
resistance of granular materials. The findings emphasize the signifi-
cance of sample preparation protocols and inherent fabric charac-
teristics in determining the liquefaction resistance. The correlations
established between initial properties and liquefaction resistance
provide valuable insights for evaluating and predicting the lique-
faction potential of granular materials in geotechnical engineering
applications. Future research endeavors should explore additional
descriptors and further refine the understanding of inherent anisot-
ropy to enhance the accuracy of liquefaction resistance predictions.
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