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Abstract. This study examines the undrained cyclic behavior of gran-
ular assemblies under true triaxial loading, with a particular focus on
the micromechanical effects of initial anisotropy and Lode angle. The
Discrete Element Method (DEM) is coupled with the Coupled Fluid
Method (CFM) to model fluid-solid interactions under undrained con-
ditions. Three transversely isotropic specimens, composed of elongated
particles, are generated with bedding plane orientations of 0◦, 45◦,
and 90◦ to represent different initial fabric conditions. Simulations are
performed under constant mean total stress with a fixed Lode angle.
The results reveal that both initial fabric and Lode angle significantly
influence liquefaction susceptibility and shear strength. Specifically,
increasing the bedding plane angle from 0◦ to 90◦ increases the number
of loading cycles required to reach liquefaction, primarily due to better
alignment between the bedding plane and the major principal stress
direction. Furthermore, the Lode angle affects the secant shear modulus
and the rate of excess pore pressure generation, underscoring its role in
preliquefaction behavior.
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1. Introduction
Liquefaction is recognized as one of the most catastrophic
geotechnical and geological hazards, characterized by sig-
nificant loss of soil strength and stiffness due to an increase
in excess pore water pressure Boulanger and Seed [1995],
Ishihara and Koga [1981], Rodriguez-Arriaga and Green
[2018], Wichtmann et al. [2010]. This phenomenon is fre-
quently triggered by cyclic loads such as earthquakes, traffic
loads and tidal waves, leading to extensive damage to sup-
ported infrastructure Hamada [1992], Koseki et al. [1997],
Rondón et al. [2009], Tokimatsu et al. [2012], Wichtmann
et al. [2007], Wichtmann and Triantafyllidis [2016]. The
ongoing increase in the construction of offshore structures
like wind turbines, platforms, and pipelines underscores
the critical importance of understanding the liquefaction
potential of granular materials for these projects Ju and
Mao [2024], Lin et al. [2021], Wang et al. [2020]. These
structures are often built on water-saturated soils, and due
to the unpredictable nature of cyclic loading from waves,
wind, and earthquakes, they typically experience multi-
directional forces Caous et al. [2015], Gao et al. [2022],
Knittel et al. [2023]. Moreover, the direction of sediment
deposition changes in various circumstances, leading to the
heterogeneity of fabric Liu et al. [2013], i.e., variations in
the geometric arrangement and orientation of particles and
voids. Nonetheless, the available laboratory data is limited
to loading under axisymmetric conditions, e.g., triaxial, or
in particular simple shear, which may not account for the
effects of anisotropic loading conditions and intermediate
principal stress. Hence, only a few studies investigated the
undrained cyclic behavior of sand under general stress paths
(e.g., Ishihara and Yasuda [1975]). Additionally, quantitative
assessments of fabric require advanced photographic and
radiographic techniques, such as X-ray tomography imag-
ing Drescher and De Jong [2006], Zhao et al. [2021], which
are not commonly available in standard laboratories. DEM
has demonstrated its remarkable capability as a versatile
tool for simulating the behavior of granular media in virtual
conditions. As a result, it has been extensively utilized in en-
gineering applications (among all, e.g., González Tejada and
Antolin [2022], Khabazian and Hosseininia [2020], Lashkari
et al. [2019]). Owing to the peculiar ability of DEM to explore
the behavior from particle scale to sample scale, a thorough
analysis of granular microstructure under cyclic loading is
also achievable.

The available DEM studies in the literature have pri-
marily investigated either the effect of initial fabric, i.e., the
inherent anisotropy on liquefaction resistance and cyclic
response or, less frequently, the impact of Lode angle on
the cyclic behavior of granular soils. However, the com-
bined effect of the initial anisotropy and the anisotropy
induced by the applied stress remains mainly underex-
plored. For instance, Ajam Norouzi and Seyedi Hosseininia
[2024] highlighted the profound effect of initial fabric on
cyclic liquefaction resistance through DEM modeling under
biaxial compression tests. Their results confirm that varying
fabric anisotropy affects the stress paths, leading to a sig-
nificant decrease in the maximum internal friction angle.

These observations align well with the triaxial undrained
DEM results of Yang and Taiebat [2024], Zhang et al. [2023]
where the profound dependency of cyclic liquefaction re-
sistance of the samples on the choice of sample preparation
technique and the orientation of bedding plane was re-
ported. Focusing on microstructure evolution, Jiang et al.
[2019] performed cyclic triaxial DEM tests under drained
conditions and validated a stress-force-fabric relationship
that analytically correlates anisotropy with shear strength.
The changes in inter-particle contact fabric during the liq-
uefaction state of sand under triaxial cyclic loading were
also investigated by Zhao et al. [2024]. The study highlighted
the advantages of directly tracing the path of fabric vari-
ations, providing a more intuitive representation of how
induced anisotropy depends on the loading direction. In
tandem with these studies, the pivotal role and induced ef-
fects of the rotation of the principal stress axis on the shear
strength of granular soils under cyclic loading were also
revealed by Iai et al. [2013], Mo et al. [2024]. Similarly, Wei
et al. [2020] conducted a series of undrained simple shear
DEM simulations under unidirectional and multidirectional
loading paths. Their findings revealed that granular soils
exhibit significantly different liquefaction resistance de-
pending on the loading conditions. Specifically, compared
to unidirectional loading, granular packings are more prone
to liquefaction under multidirectional loading paths. As
previously discussed, further investigation is needed to
understand the combined effects of inherent isotropy and
load-induced anisotropy on liquefaction resistance and the
undrained cyclic response, which is the focus of the current
study. Two primary methodologies are mainly employed in
DEM simulations to model the undrained behavior of fully
saturated particulate media. The constant volume method
(CVM) maintains volumetric strain invariance in particulate
assemblies, while the second approach couples DEM with
complementary numerical methods such as computational
fluid dynamics (CFD) or Smoothed-particle hydrodynamic
(SPH) to incorporate pore fluid effects. To enhance the com-
putational efficiency, Liu et al. [2015] coupled fluid methods
(CFM) were developed to simulate particle-fluid interac-
tions at the mesoscopic scale (e.g., [Liu et al., 2015, Okada
and Ochiai, 2007]). Significant advancements in this field
include the pioneering work of Hakuno and Tarumi [1988],
who integrated Darcy’s law with DEM to capture pore water
pressure, and subsequent developments by researchers ex-
ploring various applications from biaxial testing of ellipsoid
particles to 2D saturated granular materials. Salimi and
Lashkari [2020] introduced a DEM-CFM coupling scheme
to model undrained responses in 3D anisotropic particulate
assemblies. Multiple studies have validated the efficacy
of this coupling scheme across diverse stress paths [Irani
et al., 2024, Salimi et al., 2024, 2023a,b, 2025d]. Hence, the
DEM-CFM coupling scheme is also employed to simulate
the undrained response of particulate assemblies in this
study.

The main objective of this study is to explore the influ-
ence of anisotropy in terms of initial fabric and induced
by variations in applied stress on the undrained cyclic
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response of granular assemblies. To achieve this, a DEM-
CFM coupling scheme is used to capture the influence of
fluid-solid interactions under undrained conditions. Three
transversely isotropic assemblies with bedding plane angles
of 0◦, 45◦ and 90◦ are generated, enabling the evaluation
of the effect of initial fabric, on the mechanical response
of the assemblies. These samples are then sheared under
general stress paths with varying Lode angles to investigate
the influences of anisotropy induced by variations in ap-
plied stress. To track the evolution of the microstructure
of assemblies during continuous shearing, a second-order
fabric tensor based on inter-particle contact orientations is
used. Additionally, variation in coordination number and
redundancy index under shearing is discussed alongside
the tracking of fabric evolution. The evolution of the se-
cant shear modulus with the number of cycles is evaluated
and the influence of Lode angle and initial fabric are ana-
lyzed. Lastly, the numerical description of the secant shear
modulus is discussed.

2. Content flow of this study
This subsection provides an overview of the structural
organization and content flow of the study. Section 3 es-
tablishes the fundamental assumptions of DEM-CFM cou-
pling scheme, encompassing both micro and macro-scale
quantities along with sample preparation methodologies.
Following this, Section 4 focuses on macro-scale observa-
tions, investigating the influence of Lode angle and initial
fabric on stress-strain behavior and shear modulus of the
considered granular assemblies. Subsequently, Section 5
examines the evolution of microstructure by tracking fabric
development and coordination number and redundancy
index under continuous shearing. Finally, insights derived
from microstructural analyses are employed to clarify the
macro-scale observations discussed in Section 4.

3. Methodoly of DEM modelling
This study uses the three-dimensional Particle Flow Code
(PFC3D) Itasca [2014] to simulate the behavior of granular
assemblies under undrained cyclic true triaxial loading.
Given the stress-controlled nature of the applied load-
ing and stress-strain non-coaxialilty under true triaxial
loading scenarios, the commonly used constant volume
approach was deemed inappropriate for the purpose of this
study. Hence, the DEM-CFM coupling scheme proposed
by Salimi and Lashkari [2020] is employed. This method
utilizes Darcy’s law to simulate the behavior of particulate
assemblies under specified undrained stress paths and to
determine the build-up of pore water pressure. The CFM
calculations have been implemented using the FISH lan-
guage in PFC3D.

3.1. DEM-CFM coupling scheme
The DEM-CFM coupling scheme consists of two main

components, named the solid phase and the fluid phase.
The solid phase governs the behavior of the solid grains in
the assembly, while the fluid phase accounts for the voids

that influence fluctuations in pore water pressure. In this
study, the assemblies are fully saturated, indicating that all
voids are filled with water, which represents the pore-fluid
phase. To describe the solid and fluid phases, it is neces-
sary to outline the governing equations related to the stress
tensor and variations in pore water pressure increments. A
detailed description of these equations is provided below.

The macro-scale stress tensor σ′ is calculated using the
outer product of micro-scale quantities as in Christoffersen
et al. [1981]

σ′ = 1

V

Nc∑
c=1

lc ⊗ fc (1)

whereby V and Nc denote the volume of the assembly and
the total number of contacts, respectively. fc represents the
contact force, and lc is the branch vector connecting the
center of the particle to the contact point c. ⊗ indicates the
dyadic product of two vectors. The mean effective stress
is determined as p ′ = σ′

i i /3 and deviatoric stress is calcu-

lated as q =
√

3σ∗
i jσ

∗
i j /2. Here, σ∗

i j = σ′
i j −δi j p ′ represents

the deviatoric part of the stress tensor, whereas δi j is the
identity tensor. Lode angle is defined as:

cos(3θ) = J3

2

(
3

J2

)2

(2)

with J2 = ∥σ∗
i j ∥ and J3 =det(σ∗

i j ). det(Xi j ) denotes the deter-

minant of the tensor X . Deviatoric strain (εq ) can be calcu-
lated as follows:

εq =
√

2

9

[
(ε1 −ε2)2 + (ε2 −ε3)2 + (ε3 −ε1)2

]
(3)

which εi (i =1, 2 and 3) is strain along direction i . ∆P f de-
notes the pore water pressure increment within the mea-
surement volume and is defined as follows:

∆P f = εm
v Ew (4)

wherein Ew is the bulk modulus of the fluid; and εm
v repre-

sents the volumetric strain of the measurement volume. The
variation of pore water pressure ∆P

′
f due to inflow/outflow

between different measurement volumes is expressed as:

∆P
′
f =

Ew

n Vm

∑
∆Q (5)

whereby Vm represents the volume of the measurement do-
main, and n denotes the porosity. ∆Q signifies the variation
in fluid volume between adjacent measurement volumes,
determined using Darcy’s law Salimi and Lashkari [2020].
The unbalanced force acting on particles positioned at the
boundaries of the measurement volume (F unbalanced

i ) is
given by:

F unbalanced
i = (Pm +∆P

′
f +∆P f )A (6)

Pm represents the hydrostatic pore water pressure within
the measurement volume, where A represents the area
on which the force is applied. The following subsection is
dedicated to describing the microscale entities in this study.
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3.2. Definition of micro-scale quantities
In the sense of DEM, two additional parameters are used

here to explore the microstructural characteristics of assem-
blies: the fabric tensor, the Coordination Number (CN) and
and redundancy index If

R. The fabric tensor can represent
the packing structure and orientation of particles, contacts
and voids within a soil assembly. CN shows the average
number of contacts per particle.

In this study, the fabric tensor F is based on inter-particle
contact directions and is defined as:

F = 1

2Nc

2Nc∑
k=1

nk ⊗nk (7)

In this context, F describes the directional distribution of
contacts. The superscript k is the k-unit contact normal vec-
tor out of 2Nc total contact normals, where c refers to con-
tacts. n is the unit vector perpendicular to the contact plane,
i.e., the contact direction. nk

i where i ∈ {1,2,3}, stands for

the direction cosine of the unit vector nk with respect to the
reference axis xi (i=1, 2, 3). Following the definition of fab-
ric tensor, a scalar measure to quantify the extent of fabric
anisotropy ∆ is used as:

∆=
√

3(F∗ : F∗) (8)

F∗ is the deviator of the fabric tensor. A : B = tr(A · BT ) =
Ai j Bi j , with tr(X ) = Xi i as the trace of a tensor. In Eq. 8, ∆
represents the intensity of anisotropy in the preferred orien-
tation of contacts within an assembly.

The MCN and redundancy index If
R defined as:

MCN =
2Nc −N 1

p

Np −N 0
p −N 1

p
; If

R = (3−2 fs )Nc

6(Np −N 0
p )

(9)

where Np is the total number of particles. N 0
P denotes the

count of floating particles that have no contacts. The sliding
fraction, fs , measures the percentage of slipping contacts in
granular assemblies, expressed as the ratio of sliding con-
tacts to the total active contacts.

3.3. Sample Preparation and simulation
details

The specimen was modeled within a cubic space mea-
suring 5 × 5 × 5 mm3, enclosed with three pairs of fric-
tionless walls. Non-spherical particles are recommended
as a more realistic representation of soil assemblies com-
pared to spherical ones Nguyen et al. [2021], Salimi et al.
[2025b, 2023b], especially in order to investigate the effect
of anisotropy. For this reason, three overlapping spheres,
representing elongated particles with an Aspect Ratio of
AR=1.8, were used as representative soil grains. Figure 1
shows the shape of these particles and the corresponding
particle size distribution curve of the generated assemblies.

In general, three transversely isotropic specimens—TR0,
TR45, and TR90—are generated, characterized by differ-
ent initial fabrics based on bedding plane angles of 0◦,
45◦, and 90◦, respectively. Table 2 shows a schematic rep-
resentation of samples with varied initial fabric (layers of
particles color-coded to show bedding plane orientation) for
medium-dense samples with p0= 100 kPa and e0 = 0.589. A

poorly graded sand, characterized by a coefficient of unifor-
mity (Cu = 1.5) and a coefficient of curvature (Cc = 1.02), is
selected due to its higher susceptibility to liquefaction com-
pared to well-graded sands Holtz et al. [1981], Pires-Sturm
and DeJong [2022]. Following the methodologies outlined
in Gu et al. [2014], Guo and Zhao [2013], Yang and Wu
[2017], the linear contact model was employed to represent
the interactions between particles at their contact points.
Due to the satisfactory performance of DEM simulations
in previous works Irani et al. [2024], Salimi and Lashkari
[2020], Salimi et al. [2023b], the same set of DEM param-
eters is used here and listed in Table 1. Nonlinear contact
models, such as the Hertz-Mindlin model, can represent
stress-dependent stiffness more realistically, but were not
adopted in this study due to their higher computational
cost and the adequate performance of the calibrated linear
model in capturing the observed liquefaction phenomena.
A damping ratio of 0.7 is assumed. It is important to note
that the specific influence of the damping ratio is beyond
the scope of this study and remains an open question for
future research. Furthermore, the presented simulations do
not take into account gravity effects or hydrostatic forces on
inter-particle interactions.

11.010.0
0

20

40

60

80

100

0.
9D0.
9D D

Cu= 1.5

Cc= 1.02xy

z

Figure 1. Particle size distribution and particle shape
used in DEM modelling.

Table 1. DEM and CFM parameters

Parameters Value
Particle density, ρp 2650 (kg/m3)

D
E

M

Inter-particle friction coefficient, µ 0.5 (-)

Damping ratio 0.7 (-)
Wall-particle friction coefficient 0.0 (-)

Wall stiffness 107 (kN/m)
Normal contact stiffness, kn k0

†· r
Tangential contact stiffness, ks ks = kn
Number of clumps (pebbles) 9100 (27300)

C
F

M Bulk modulus of pore-fluid, Ew 100 (MPa)

Pore-water density, ρw 1000 (kg/m3)

† k0 = 105 (kN/m2)

The generated particulate assemblies were initially cy-
cled with an inter-particle friction coefficient of zero (µ= 0)
until reaching equilibrium. Afterward, different values of µ
were applied to achieve various initial densities. The spec-
imens were then isotropically confined at 10 kPa using a
servo-control mechanism to maintain isotropic forces on
the side walls, as detailed by Gu et al. [2014]. During the

Open Geomechanics, 2025, article no. 3
Mohammad Salimi, Nazanin Irani, Merita Tafili & Torsten Wichtmann, Micromechanical Influence of Fabric Anisotropy and Stress
Path Dependency on Liquefaction Susceptibility in Granular Soils 4



Table 2. Representation of samples with varied ini-
tial fabric (layers of particles color-coded to show bed-
ding plane orientation) for medium-dense samples
with p0 = 100 kPa and e0 = 0.589 (Dr ≈ 0.55).

Name Illustration of
sample deposition

Initial fabric tensor

TR0 Fi j =
 0.3031 −0.0021 −0.0002
−0.0021 0.2995 0.0007
−0.0002 0.0007 0.3973



TR45 Fi j =
 0.3304 −0.0134 0.0260
−0.0134 0.3182 −0.0230
0.0260 −0.0230 0.3514



TR90 Fi j =
 0.3705 −0.0270 0.0023
−0.0270 0.3143 −0.0070
0.0023 −0.0070 0.3152



loading phase, µ was set to 0.5, and the total mean stress
was kept constant. Micro-scale quantities were evaluated
within a measurement sphere with a diameter equal to 0.9
times the larger dimension, minimizing the influence of
rigid boundary constraints. The loading was applied in the
z-direction by moving the boundaries at a constant velocity
to impose a controlled z-axial strain. To maintain a con-
stant mean stress and specified Lode angle during cyclic
loading, a servo-controlled algorithm was employed. At
each time step, the z-axial stress component was measured,
and using the Lode angle definition and the constant mean
stress condition, the lateral stress components in the x- and
y-directions were calculated and adjusted accordingly. The
pore pressure was computed using the CFM, and the corre-
sponding effective stresses were used to control the applied
boundary forces. In the post-processing stage, deviatoric
stress, q , was calculated from the general formulation based
on principal stress differences. While q is strictly a positive
scalar by definition, we assign a negative sign to q during
extension by referencing the direction of the stress path
relative to the hydrostatic axis in the octahedral stress plane.
This sign convention allows us to consistently distinguish
between compression and extension phases, even though
true tensile (negative) stresses are not present in the DEM
simulation, as interparticle forces remain compressive un-
less cohesive models are used. Once the deviatoric stress
qamp reached 50 kPa during loading, the direction of load-
ing was reversed to simulate unloading, and this process
was repeated cyclically to maintain controlled stress ampli-
tudes in both compression and extension phases. Various
radial stress paths were applied, each corresponding to a
fixed Lode angle, to systematically investigate the response
of particulate assemblies under multidimensional stress

conditions. During each mechanical cycle, loading was
imposed in the z-direction (as defined in the coordinate
system shown in Figure 2) by displacing the boundaries at a
constant strain rate. The inertial effects were characterized
using the inertial number I , defined as [Radjai and Dubois,
2011]:

I = γ̇d√
p/ρ

(10)

where γ̇ is the shear strain rate, d is the particle diame-
ter, p is the confining pressure, and ρ is the particle density.
The inertial number I quantifies the ratio of inertial to con-
fining forces, providing a measure of the dynamic regime of
the granular assembly. A shear strain rate of 5×10−5s−1 and
a time step of 1.5×10−7s were employed in the simulations.
These parameters result in an inertial number of approxi-
mately 0.0003 at the onset of loading, confirming that the
simulations remain within the quasi-static regime through-
out the deformation process.

Changes in pore water pressure and the unbalanced
forces on particles at the boundaries of the measurement
volume were evaluated. The servo control mechanism in
PFC3D was adjusted to maintain the specified Lode angle.
This adjustment was repeated until the desired deviatoric
stress amplitude (qamp) was reached. Once this stress level
was achieved, the loading direction was reversed. Figure 2
illustrates these proportional stress paths with constant
Lode angle and indicates the sectors where stresses were
applied.

Figure 2. Proportional stress paths with a fixed Lode
angle and selected sectors in this study

4. Macro-scale observations
4.1. Effect of Lode angle on the undrained

cyclic response of granular assemblies
This subsection investigates the behavior of granular as-

semblies with the same initial fabric, stress state, and void
ratio, subjected to loading paths with different values of the
Lode angle. Since all samples share the same initial fabric
tensor, the effect of inherent anisotropy is excluded from the
subsequent analysis. Hence, only the effects of anisotropy
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induced by variations in applied stress and Lode angle are
analyzed. All tests are terminated once the normalized ex-
cess pore water pressure reaches ru = 0.99.

To begin, only the results of DEM simulations for TR0
samples are considered. The cyclic undrained response of
medium-dense TR0 samples with an initial void ratio of
e0 = 0.589 (Dr ≈ 0.55) and an initial mean effective stress
of p ′

0 = 100 kPa is illustrated in Figures 3(a, d, g, j & m)
and Figures 4(a, d, g, j & m). Figure 3 shows the variations
of stress ratio η = q/p ′ versus deviatoric strain εq , while
Figure 4 presents the normalized excess pore water pressure
ru versus εq . ru is defined as the ratio of excess pore water
pressure to the initial confining pressure, i.e., ru = pw /p ′

0.
As illustrated in Figure 3(a), the stress ratio starts at zero and
gradually increases with the strain level. When the loading
mode changes to the extension regime, the stress ratio starts
to decrease. Nevertheless, on both the compression and
extension sides, η converges to asymptotic values of 1.4 and
−1.0, respectively. Moreover, the overall rate of changes in
the stress ratio is greater in compression compared to the
extension.

According to Figures 3(a, d, g, j & m), the general trend
of the stress ratio evolution with deviatoric strain is qualita-
tively similar regardless of the Lode angle. As the principal
stresses rotate with the variation of the Lode angle, it mainly
affects the maximum value of η on the compression and
extension sides. For instance, as the Lode angle increases
from 0◦ to 60◦ in Figures 3(a and m), the maximum value
of the stress ratio on the compression side decreases from
1.4 to almost 1.0, and on the extension side, it changes from
−1.0 to −1.3. It can be concluded that variations in the Lode
angle affect the maximum shear strength of assemblies with
the same initial state and fabric tensor. These observations
are in good agreement with the results reported by Lü et al.
[2017], Salimi and Lashkari [2020], where a decrease in
shear strength by increasing intermediate principal stress
ratio was reported for assemblies with non-spherical parti-
cles. The influence of the Lode angle is consistent along all
considered bedding planes of the samples. As the Lode an-
gle increases, the shear strength in compression decreases,
while the shear strength in extension increases for all TR0,
TR45 and TR90.

During the undrained tests simulated in this study, the
total mean stress of p = 100 kPa is kept constant, while the
effective mean stress p ′ varies due to the build-up of pore
water pressure. Regarding Figure 4(a), it is observed that
with each load cycle, the excess pore water pressure gener-
ally increases due to the inability of water to drain out of the
sample. As pore water pressure increases, the mean effective
stress decreases. A comparison between Figures 4(a, d, g, j
& m) denotes the effect of the Lode angle on the generation
of normalized excess pore water pressure for TR0 samples.
Following a specific number of cycles, the assemblies reach
a state of liquefaction, whereby the normalised excess pore
water pressure, represented by the variable ru , reaches an
asymptotic value of one, resulting in a vanishing mean
effective stress. In particular, all assemblies liquefy on the
extension side following compression loading. While the

Lode angle affects the maximum stress ratio attained, re-
sulting in a higher ratio in extension with increasing θ, it
does not influence the mode of loading leading to lique-
faction. This aligns with the observations discussed for the
coordination number in Section 5.2. On the other hand, the
Lode angle affects the magnitude of the strain level at which
the sample liquefies, i.e., where ru converges to 1. Moreover,
θ impacts the number of cycles required to achieve the liq-
uefaction state. In particular, for the sample sheared under
θ = 0◦, liquefaction occurs at εq ≈ 1.9%, while for θ = 30◦,
it takes place at εq ≈ 3.3%. Moreover, increasing θ from 0◦
to 30◦ impacts the rate of excess pore water pressure ac-
cumulation and decreases the number of cycles needed to
reach the liquefaction state. However, further increasing the
Lode angle from 30◦ to 45◦ results in an opposite trend, with
ru = 1 occurring at εq ≈ 1.9%. Since the number of cycles
may not be clearly depicted in Figure 4, variations in shear
modulus relative to the number of cycles will be examined
in Sub-section 4.3. These observations underscore the in-
fluence of the Lode angle on the undrained shear strength
of particulate assemblies.

4.2. Effect of initial fabric on the undrained
cyclic response of granular assemblies

This subsection considers three transversely isotropic
samples with different initial fabrics, while sheared with
the same initial stress state, initial void ratio, and Lode
angle. The focus is on investigating the effect of inherent
anisotropy, i.e., the initial fabric. Figure 3 illustrates the re-
sults of the undrained true triaxial tests for medium-dense
specimens with different fabrics (TR0, TR45 and TR90)
sheared with e0 = 0.589 (Dr ≈ 0.55), p ′

0 = 100 kPa. The
tests were performed under two-way cyclic loading across
a range of Lode angles: from 0◦ to 60◦ in the compression
domain with intervals of 15◦, and respectively from 180◦ to
240◦ in the extension domain. Henceforth, for brevity and
clarity, only the compression domain angles will be explic-
itly stated, with the understanding that the corresponding
extension domain angles are implicitly represented by their
compression counterparts. It is noteworthy that these tests
primarily elucidate the soil behavior in the pre-liquefaction
state, providing crucial insights into the material’s response
prior to the onset of liquefaction phenomena.

A comparison between the Figures 3(a, b, & c) reveals
the effect of the initial fabric on the mechanical response
of samples sheared under the same initial stress state and a
Lode angle of zero. The TR0 sample depicted in Figure 3(a)
reaches the maximum stress ratio on the compression side
at almost εq ≈ 1.2%, and on the extension side at εq ≈ 3.6%
before reaching the onset of liquefaction. However, as il-
lustrated in Figure 3(b), changing the bedding plane angle
affects the strain level at which the maximum shear strength
is mobilized. In particular, for the TR45 sample, the max-
imum stress ratio of the compression side is reached at
εq ≈ 1.57%, while in extension the sample experienced
εq ≈ 2.5% until attaining the maximum stress ratio. The role
of the initial fabric on the strain level at which the maximum
shear strength is achieved is also evident for other values of
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θ. It is also observed that changing the bedding plane angle
from 0◦ to 90◦ does not have a pronounced impact on the
maximum shear strength of medium-dense assemblies.

Figures 4(a, b, & c) illustrate the effect of initial fabric on
the generation of normalized excess pore water pressure
of granular assemblies under undrained cyclic loading. A
closer look reveals that the inclination of the bedding plane
correlates with the required number of cycles to reach the
liquefaction state. A comparison between Figures 4(a) and
(b) indicates that changing the bedding plane angle from 0◦
in TR0 to 45◦ in TR45 results in an increase of the number
of cycles in which liquefaction occurs. The same trend can
be observed by further changing the bedding plane angle
to 90◦ in TR90. For 0◦ ⩽ θ ⩽ 60◦, the major principal stress
is oriented vertically. Hence, in TR90 samples, the bedding
plane is aligned parallel to the major principal stress. This
alignment enables the TR90 sample to reach a liquefaction
state after a higher number of cycles compared to the TR0
and TR45 samples, given the same initial state and loading
conditions. These results are consistent with the DEM sim-
ulations reported by Zhang et al. [2023], where liquefaction
resistance was found to be influenced by the direction of
cyclic loading relative to the fabric direction. Their findings
indicated that specimens with a horizontal bedding plane
were more susceptible to liquefaction than those with a
vertical plane under symmetrical cyclic loading conditions.
The microscale observations in Section 5 will be used to fur-
ther justify this behavior. It is also evident that for all Lode
angle values, inherent anisotropy influences the number of
cycles required to reach the liquefaction state. The following
subsection illustrates the variations in shear strength with
respect to the number of cycles, which will be beneficial for
further discussion.

4.3. Effect of Lode angle and initial fabric
on the shear modulus of undrained
cyclic granular assemblies

The effect of fabric anisotropy and Lode angle on the se-
cant shear modulus (Gsec) of particulate assemblies will be
investigated in the following. Gsec is calculated as described
in Figure 5 and normalized by the secant shear modulus of
the first cycle, G1

sec.
Figure 6 illustrates the variation of G1

sec under different
Lode angles for the TR0, TR45, and TR90 assemblies. It is
evident that under θ = 0◦, the TR90 samples exhibit the
highest initial secant shear modulus, while the TR0 samples
display the lowest. For TR0, an increasing trend in G1

sec is
observed as the Lode angle increases, whereas TR90 shows
a decreasing trend over the same range. Interestingly, TR45
initially exhibits a reduction in G1

sec up to θ = 30◦, followed
by an increasing trend toward θ = 60◦. At θ = 60◦, the TR0
and TR90 samples converge to similar G1

sec values. This con-
vergence may be attributed to the fact that both assemblies
are in an extension-dominated regime, where the bedding
planes are approximately aligned with the major princi-
pal stress direction—resulting in comparable mechanical
constraints regardless of initial anisotropy.

Following this, the analysis proceeds using normal-
ized values (Gsec/G1

sec) to facilitate a clearer comparison
of stiffness degradation trends across different fabric con-
figurations and loading paths. Normalization allows us to
isolate and interpret the influence of cyclic loading and
anisotropy on modulus reduction, independent of initial
stiffness differences that may arise from particle alignment
or fabric effects.

A comparison of Gsec/G1
sec for particulate assemblies

with different initial fabrics sheared under various Lode an-
gles is made and the results are discussed. Note that several
constitutive frameworks in the literature have been devel-
oped to capture the influence of fabric and Lode angle on
the mechanical behaviour of soils—among the pioneering
ones are, for example, Li and Dafalias [2012], Petalas et al.
[2020]. However, the present study focuses on simple corre-
lations, which may be of interest to practitioners or serve as
a basis for future constitutive model developments.

The variation of the normalized secant shear modulus
Gsec for medium-dense TR0, TR45, and TR90 assemblies
subjected to shearing within the range 0◦ ⩽ θ ⩽ 60◦ is
presented in Figure 7 with circular markers. According to
Figures 7(a–e), the TR0 and TR45 assemblies exhibit com-
parable stiffness responses under various Lode angles,
particularly for θ = 45◦ → 225◦, up to approximately the 50th
cycle.

Overall, the TR0 assemblies display the highest rate
of stiffness degradation under cyclic loading, followed by
TR45, while TR90 consistently exhibits the lowest degrada-
tion rate across all considered Lode angles. A comparison
of Figure 7(a) with Figures 7(b–e) reveals that the smallest
reduction in normalized Gsec occurs for θ = 0◦ → 180◦, in-
dicating enhanced resistance to cyclic degradation and a
delayed onset of modulus collapse. In contrast, differences
among the remaining Lode angles are relatively minor (cf.
Figures 7(b–e)). In this sense, the highest stiffness is seen
at a Lode angle of 0◦. Analyzing the variation of normalized
Gsec for the TR45 sample (cf. Figures 7(a–e)) reveals that the
highest stiffness occurs at a Lode angle of 60◦, while the low-
est stiffness is observed at a Lode angle of 30◦. Comparing
the variation of normalized Gsec with the evolution of ru in
Figure 4 reveals a direct relationship between the generation
of excess pore water pressure and the decrease in granular
assembly stiffness. An increase in pore water pressure under
constant volume conditions can lead to a reduction in Gsec,
which, in turn, may accelerate strain accumulation. It is also
evident that samples with bedding planes parallel to the
major principal applied stress exhibit higher stiffness under
identical strain levels and loading conditions. Moreover,
these samples require more cycles to reduce normalized
stiffness to its minimum value, which occurs during soil
liquefaction.

In Figures 8–10, the relationship between the normalized
secant shear modulus Gsec/G1

sec and the accumulated devi-
atoric strain εacc

q is depicted for various test samples, specif-
ically TR0, TR45, and TR90. The observed trends highlight
the influence of multiaxial loading conditions on the degra-
dation behavior of the shear modulus.
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(j) (k) (l)

(m) (n) (o)

Figure 3. Mechanical response of medium-dense assemblies with e0 = 0.589, p′0 = 100 kPa sheared under undrained
true triaxial condition in η-εq plane for (a, d, g, j & m): TR0, (b, e, h, k & n): TR45 and (c, f, i, l & o): TR90
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Figure 4. Mechanical response of medium-dense assemblies with e0 = 0.589, p′0 = 100 kPa sheared under undrained
true triaxial condition in ru-εq plane (a, d, g, j & m): TR0, (b, e, h, k & n): TR45 and (c, f, i, l & o): TR90
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Figure 5. Sketch of the idealized shear stress-strain
response of particulate assemblies alongside the
methodology used to determine the shear modulus.

Figure 6. Variation of secant shear modulus during
the first loading cycle for samples with different bed-
ding plane orientations under various Lode angles.

To describe this relationship analytically, the following
equation is identified as an effective approximation:

Gsec

G1
sec

= 30 ·
(

exp

(
εacc

q

εacc
q ,r e f

)b)c

(11)

Here, the constants b and c are functions of the Lode an-
gle θ, as illustrated on the right-hand side of Figures 8–10.
εacc

q ,r e f presents the reference deviatoric strain for θ = 0◦ at

Gsec/G1
sec = 0.3. These correlations provide valuable insights

into how the shear modulus degrades with increasing devi-
atoric strain and θ, offering an empirical equation for pre-
dicting the stiffness response of soils under complex loading
conditions and varying initial anisotropy. This methodology
serves as a critical step toward a more accurate modeling of
soil behavior, particularly in scenarios involving multiaxial
stress states, which are common in practical geotechnical
applications.

Figure 7 presents approximated curves of the normal-
ized shear modulus degradation relations with Gsec/G1

sec =

Table 3. Summary of coefficients ai determined by
fitting Gsec/G1

sec =
∑4

i0 aiN i .

θ in ◦ TR a0 a1 a2 a3 a4

0→180
0 9471 86.9 −10.3 0.297 −0.0029

45 9655 48.0 −6.7 0.175 −0.0015
90 9501 51.7 −2.5 0.032 −0.0001

15→195
0 9688 42.2 −8.3 0.263 −0.0029

45 9702 35.0 −7.1 0.215 −0.0022
90 9625 46.8 −3.4 0.059 −0.00034

30→210
0 9535 89.5 −12.4 0.402 −0.0046

45 9690 47.1 −8.5 0.258 −0.0026
90 9562 49.1 −3.6 0.063 −0.00037

45→225
0 9675 63.6 −10.4 0.349 −0.0040

45 9675 56.9 −8.3 0.238 −0.0021
90 9573 56.8 −3.8 0.067 −0.00040

60→240
0 9449 107.7 −13.2 0.399 −0.0041

45 9702 35.0 −7.1 0.215 −0.0022
90 9625 46.8 −3.4 0.0591 −0.00034

∑4
i=0 ai N i , whereby the calibrated constants a0, a1, a2, a3

and a4 are summarized in Table 3. A fourth-order poly-
nomial function with respect to the number of cycles can
reproduce the observed behavior. These relations may be
used as empirical equations to check either the perfor-
mance of constitutive equations or for an initial estimation
of the degradation rate of the secant shear modulus. In Fig-
ure 7, the observed behavior of the variation of secant shear
modulus with the number of cycles highlights the influence
of initial anisotropy. Notably, the figure demonstrates that
as the bedding plane angle increases, the degradation of the
secant shear modulus decreases. This correlation suggests
that the initial anisotropy plays a significant role in miti-
gating the degradation of the secant shear modulus or the
liquefaction resistance.

4.4. Excess pore water pressure and strain
accumulation

Figure 11 illustrates the accumulation of deviatoric strain,
εacc

q , as a function of the number of cycles, N , across vari-
ous loading directions, θ, for samples with different initial
fabric orientations. A similar trend is observed when com-
pared to the development of shear modulus with the num-
ber of cycles. For TR0 and TR90 samples, the highest resis-
tance to deformation is exhibited under a loading direction
of θ = 0◦, whereas for TR45, the greatest stiffness is achieved
along loading paths with θ = 60◦.

The generation of normalized excess pore water pressure
as a function of the number of cycles, shown in Figure 12,
follows the same trend as the εacc

q − N and Gsec/G1
sec − N

curves. It is evident that the buildup of excess pore water
pressure precedes and triggers the degradation of shear
modulus, which subsequently leads to the accumulation of
deformation.
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Figure 7. Approximation of secant shear modulus curve via Gsec/G1
sec =

∑4
i0 aiN i . The dots represent the DEM results,

while the solid lines depict the numerical approximations.

Figure 8. Approximation of secant shear modulus curve via Gsec/G1
sec = 30 ·

(
exp(εacc

q )b)c
for TR0. The dots represent

the DEM results, while the solid lines depict the numerical approximations.

Figure 9. Approximation of secant shear modulus curve via Gsec/G1
sec = 30 ·

(
exp(εacc

q )b)c
for TR45. Circular markers

denote the DEM simulations and the solid lines the approximation results.

5. Micro-scale observations
5.1. Fabric evolution of granular assemblies

under cyclic shearing
In this section, variations in the diagonal components

of the fabric tensor for TR0 samples with e0 = 0.589 and
p ′

0 = 100 kPa are analyzed under continuous shearing. The
results are illustrated in Figure 13. Each component of the
fabric tensor reflects the intensity of inter-particle contacts
in a certain direction. For example, Fz indicates the princi-
pal component of the fabric tensor in z-direction (vertical

direction as shown in Figure 1). The fabric of inter-particle
contacts evolves as new contacts are formed, existing con-
tacts are lost, and the orientations of contacts change. In
this sense, changes in Fz reflect alterations in these three
factors in the z direction. The same concept holds for Fx

and Fy .
According to Figure 13(a), (b) & (c), the intensity of fab-

ric tensor in the x, y and z directions, converges asymptot-
ically to a maximum and minimum value in compression
and extension sides, respectively. In the compression load-
ing mode with θ = 0◦, the maximum value of Fz exceeds the
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Figure 10. Approximation of secant shear modulus curve via Gsec/G1
sec = 30·

(
exp(εacc

q )b)c
for TR90. Circular markers

denote the DEM simulations and the solid lines the approximation results.

(a) (b) (c)

Figure 11. Variations of accumulated deviatoric strain εacc
q versus the number of cycles N for medium-dense granular

assemblies: (a) TR0, (b) TR45 and (c) TR90.

(a) (b) (c)

Figure 12. Variations of normalized excess pore water pressure ru versus the number of cycles N for medium-dense
granular assemblies: (a) TR0, (b) TR45 and (c) TR90.

maximum values of both Fx and Fy . It is important to high-
light that under axisymmetric compression loading condi-
tions with θ = 0◦, the relationship σ′

x = σ′
y < σ′

z holds true.
In general, for 0◦ ⩽ θ⩽ 60◦, the major principal stress is ap-
plied in the vertical direction, i.e., the z-direction. As shown
in Figure 13, for all values of θ, both the maximum and av-
erage value of fabric anisotropy in the z-direction, Fz , sur-
passes that in the x-direction, Fx , and y-direction, Fy . This

indicates that the fabric has been reoriented in favor of con-
tact orientation along the major principal stress direction.
X-ray tomography results, as visualized by Wiebicke et al.
[2020] during conventional triaxial tests, also confirm signif-
icant anisotropy, mainly due to the preferential orientation
of contact normals in the vertical direction.

Furthermore, a comparison of Figure 3 with Figure 13
reveals that, for each sample, the rate of changes in the
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magnitudes of the stress ratios closely correlates with the
variations in the diagonal components of the fabric tensor.
For instance, after εq = 3.4%, as shown in Figures 3(a) and
Figures 13(a-c), both the rate of variation in stress ratio
versus deviatoric strain and the fabric components versus
deviatoric strain increases. Moreover, it is observed that
the degree of fabric anisotropy is more pronounced on the
compression side than on the extension side, highlight-
ing the dependency of induced anisotropy on the loading
direction. Under compression loading, the stress ratio is
generally higher compared to the extension side at the same
strain level (see Figure 3, except for samples with θ = 60◦),
which may allow for a more significant development of
particle arrangement. Overall, the relationship between the
anisotropic distribution of contact normals and the mobi-
lized stress ratio in real sands has been emphasized by Oda
[1972] and is supported by findings from 3D DEM simu-
lations of Gao et al. [2014], which have been incorporated
into the development of constitutive models Norouzi and
Lashkari [2021].

Considering the last fourth of the cycle in Figures 13(a)
and (b), where the deviatoric strain level decreases from
εq =3.4% to εq =1.7%, Fx and Fy decrease from 0.355 to 0.3.
This decline suggests a reduction in contacts along the x
and y loading directions. In contrast, Fz increases from 0.27
at εq = 3.4% to 0.4 at εq = 1.7%, indicating the establishment
of new contacts and changes in inter-particle interactions
along the z direction. The greater increase in the rate of
Fz compared to the reduction in Fx and Fy at the same
strain level suggests that more contacts are being formed in
z direction to compensate for the loss of contacts in both
the x and y directions. It is noteworthy that for θ = 0◦, the
trends of Fx and Fy are very similar due to the axisymmetric
boundary conditions and loading path. However, as θ in-
creases to 60◦, the amplitude of Fy decreases, resulting in an
increase in the amplitude of Fx .

Under monotonic loading, it is recognized that the dis-
crepancy between the loading direction and the direction
of the contact-normal-based fabric tensor gradually di-
minishes as shearing progresses Li and Yu [2009], Wu et al.
[2023], Wu and Yang [2023]. While the Lode angle is a scalar
quantity derived from stress invariants, it has a geometric
interpretation in the deviatoric (π) plane as the angle be-
tween the major principal stress direction and the loading
path. The contact-normal fabric tensor, although formu-
lated in Euclidean space, can also be projected onto the
π-plane for comparison. Hence, the observed reduction in
directional discrepancy between the loading direction and
the fabric tensor during monotonic shearing is physically
meaningful when viewed within this common projection
framework. This conclusion is evident in the results pre-
sented in Figures 13, where increasing the Lode angle does
not significantly affect the final values of the fabric com-
ponents at the end of the shearing. In this sense, the fabric
components converge to the same values at the end of the
tests, regardless of the Lode angle. For example, for all Lode
angle values Fx ≈ 0.3, Fy ≈ 0.3 and Fz ≈ 0.37 are reached at
the end of the tests which is close to the initial value of Fx , Fy

and Fz . However, comparing Figures 13(a, d, g, j & m) reveals

that changes in the Lode angle impact the maximum value
of Fx in both compression and extension loading modes. A
similar qualitative trend is observed for Fy and Fz , where
the maximum fabric anisotropy is influenced by changes
in θ.

Figure 14 presents the variations in the fabric invariant,
∆, for TR0, TR45 and TR90 samples sheared with e0 = 0.589,
p ′

0 = 100 kPa and θ = 0◦. The initial fabric significantly
influences the overall pattern of ∆ variations versus devi-
atoric strain. Moreover, the maximum value of ∆ on the
compression side is reached at a lower strain level for TR0
compared to TR45 and TR90 samples. This trend is consis-
tent with the stress ratio variations shown in Figures 3(a),
(b), and (c), where the maximum stress ratio for TR0 sam-
ples is attained at a lower εq compared to TR45 and TR90
samples. Comparing Figure 3(a) with Figures 13(a-c) and
Figure 14(a), it is evident that the changes in magnitudes
of the stress ratios correspond closely to those of the di-
agonal components and invariant of the fabric tensor. For
instance, Fx , Fy , and Fz vary alternatively between a maxi-
mum and minimum when the loading direction is reversed.
The same trend is observed for the stress ratio in Figure 3(a).
When η > 0, the value of fabric components continuously
increases, while they decrease gradually when η < 0. In the
context of three-dimensional DEM modeling of assemblies
subjected to triaxial compression, Gao et al. [2014] ana-
lytically derived the correlation between stress and fabric
tensor invariants. Oda [1972] also emphasized a distinct
relationship between the anisotropic distribution of contact
normals and the mobilized stress ratio in real sands. It is
noteworthy that in both TR45 and TR90 samples, ∆ reaches
its maximum value at approximately εq = 2.6%, suggesting
a highly anisotropic internal structure before the onset of
liquefaction. Furthermore, prior to liquefaction, ∆ in TR45
and TR90 samples exhibit a decreasing evolution, whereas
in TR0, it shows an increasing trend.

5.2. Variations in mechanical coordination
number and redundancy index in
granular assemblies under undrained
cyclic shearing

Figures 15(a–c) depict the variation of the mechanical
coordination number (MCN) versus deviatoric strain under
undrained cyclic loading for the TR0, TR45, and TR90 spec-
imens sheared with e0 = 0.589, p ′

0 = 100kPa, and θ = 0◦. As
shown, the overall evolution of MCN is consistent across
all three samples and qualitatively resembles the trend
observed in the excess pore pressure evolution (Figure 4).
Specimens with comparable initial void ratios show nearly
identical MCN values at the onset of Shearing.

Granular assemblies can exhibit fluid-like behavior with
negligible static shear modulus. The MCN, which accounts
only for force-bearing contacts (i.e., excluding rattlers), is
primarily influenced by particle shape, interparticle friction,
and confining pressure Liu and Nagel [2010], O’Hern et al.
[2002], van Hecke [2009], Yuan et al. [2019]. For assemblies
composed of spherical particles, a coordination number of
CN = 4 is typically considered a critical threshold separating
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(g) (h) (i)

(j) (k) (l)

(m) (n) (o)

Figure 13. Variations of fabric components of TR0 assemblies with e0 0.589, p′0 100 kPa sheared under the undrained
true triaxial condition with (a, b & c): θ 0◦ to θ 180◦; (d, e & f): θ 15◦ to θ 195◦; (g, h & i): θ 30◦ to θ 210◦; (j, k & l):
θ 45◦ to θ 225◦ and (m, n & o): θ 60◦ to θ 240◦
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(a) (b) (c)

Figure 14. Variations of fabric invariants in semi-dense assemblies with e0 0.589, p′0 100 kPa sheared under the
undrained true triaxial condition with θ 0◦, (a): TR0; (b): TR45 and (c): TR90

solid-like (CN ⩾ 4) and liquid-like (CN < 4) behavior Gong
[2008], Gu et al. [2014]. When rattlers are excluded, the
mechanical coordination number (MCN) provides a more
refined measure of the load-bearing structure. Studies such
as Yang et al. [2021] suggest that the onset of liquefaction in
spherical assemblies is characterized by MCN ≈ 3.6, while
others report slightly lower thresholds—e.g., MCN = 3 Gu
et al. [2020] and MCN ≈ 2.8 Martin et al. [2020].

However, in this study, due to the use of clumped, non-
spherical particles, higher MCN values are observed at the
onset of instability. Specifically, MCN ≈ 4.5 is reached across
all assemblies during extension, which is considered in-
dicative of the preliquefaction state. This is primarily due to
shape-induced interlocking and enhanced contact stability,
which delay the collapse of the contact network compared
to spherical particles. Notable examples include studies on
elliptical, concave, and polygonal particles, where coordi-
nation numbers remain above 4 under shear or dynamic
conditions relevant to instability Basson et al. [2024], Ni
et al. [2024], Salimi et al. [2025a,c].

A comparison of Figures 15(a–c) reveals that the TR0
specimen reaches MCN ≈ 4.5 in fewer cycles compared to
TR45 and TR90. This aligns with the macroscopic behavior
discussed in Section 4, where a greater reduction in shear
strength is observed in TR0 after approximately 60 cycles
(see Figure 7). To further examine the evolution of the con-
tact network, Figures 15(d–f) present the variation of the
redundancy index If

R, which excludes floaters (particles with
zero contacts). The redundancy index generally follows a
similar trend to MCN, decreasing throughout the cyclic
loading and converging toward unity, irrespective of initial
fabric. These results are consistent with prior DEM stud-
ies Gong and Zha [2013], Martin et al. [2020], Zhang et al.
[2023], Zhu et al. [2021], which associate the onset of lique-
faction with a redundancy index approaching If

R ≈ 1. Values

of If
R > 1 indicate a solid-like, statically stable system, while

If
R < 1 corresponds to a liquid-like, mechanically unstable

state.

6. Summary and conclusion
In conclusion, this study explored the influence of anisotropy,
both in initial fabric and induced by variations in applied

stress, on the stress-strain response of granular assem-
blies. The Discrete Element Method (DEM) combined with
the Coupled Fluid Method (CFM) was utilized to simu-
late fluid-solid interactions under undrained conditions.
Three transversely isotropic specimens, created using elon-
gated particles, were analyzed, each with a unique initial
fabric based on bedding plane angles of 0◦, 45◦, and 90◦.
Simulations were conducted under a constant total mean
stress and a fixed Lode angle, providing insights into the
anisotropic behavior of granular materials with varying
Lode angles.

In general, the simulation results underscore the signifi-
cant impact of initial fabric and Lode angle on the liquefac-
tion susceptibility and maximum shear strength of granular
assemblies. Notably, raising the bedding plane from 0◦ to 90◦
increases the number of cycles needed to reach liquefaction.
This increase was primarily due to the alignment of the bed-
ding plane with the direction of the major principal stress.
The results suggest that the material fabric realigns in favor
of contact orientation along the major principal stress di-
rection. Furthermore, the Lode angle affects both the secant
shear modulus and the rate of excess pore water pressure
generation within the assemblies. A strong correlation was
observed between the evolution of excess pore water pres-
sure, the secant shear modulus, and the coordination num-
ber. Additionally, a qualitative correlation was identified be-
tween the evolution of fabric components and the stress ra-
tio. These findings suggest that the behavior of granular as-
semblies can be comprehensively understood and predicted
under varying loading conditions by analyzing the coordi-
nation number and the fabric orientations, specifically the
components of the fabric tensor. The findings additionally
suggest that while the Lode angle exerts an influence on the
maximum stress ratio, it does not affect the mode of loading
that ultimately leads to liquefaction.

Data availability
The datasets and materials used in this study are available
from the corresponding author upon request.
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(d) (e) (f)

Figure 15. Variations of mechanical coordination number and redundancy index in semi-dense assemblies with
e0 0.589, p′0 100 kPa sheared under the undrained true triaxial condition with θ 0◦, (a & d): TR0; (b & e): TR45 and (c
& f): TR90
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