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Abstract
This study employs the Discrete Element Method (DEM) to investigate the influence of initial fabric anisotropy on the cyclic 
liquefaction behavior of granular soils. Static and cyclic biaxial compression tests under undrained condition are simulated 
using two-dimensional elongated sharp-angled particles. Initial fabric anisotropy is introduced by considering a pre-defined 
inclined angle of elongated particles inside the sample. Results from the simulations reveal that varying fabric anisotropy 
affects the stress paths, resulting in a significant decrease in the maximum internal friction angle; however, the critical state 
internal friction angle is less affected. When subjected to cyclic loading, anisotropic samples exhibit distinct behavior influ-
enced by initial fabric anisotropy. Comparison of the results with those of limited experiments in the literature confirms the 
simulations validity. The effective confining stress diminishes, leading to progressive liquefaction. The number of cycles 
required for initial liquefaction varies due to inherent anisotropy, and fabric anisotropy causes a shift in the concentration of 
compression or extension strains within the samples. Lower values of cyclic stress ratio amplifies the influence of inherent 
anisotropy on excess pore water pressure ratios. In addition to stress approach, the strain-based liquefaction resistance is 
also investigated by defining double amplitude strain values. It is found that when the double strain level is relatively small, 
the impact of inherent anisotropy becomes more noticeable. This study enhances the understanding of the role of initial 
fabric anisotropy in cyclic liquefaction behavior and provides insights for engineering design and mitigation strategies in 
seismic-prone areas.

Keywords Cyclic liquefaction · Granular soils · Initial fabric anisotropy · Discrete Element Method · Undrained condition · 
Stress path · Polygonal particles

1 Introduction

Soil liquefaction, a significant phenomenon observed in 
sandy soil during earthquakes, has garnered considerable 
attention from geotechnical engineers due to its destruc-
tive impact on earth structures. The liquefaction phenom-
enon can occur in response to both static and cyclic load-
ing, known as static and cyclic liquefaction, resulting in the 
accumulation of large strains. To enhance earthquake hazard 
analysis and mitigate structural damage, a deeper under-
standing of cyclic liquefaction is necessary. When undrained 
sand undergoes cyclic loading, the effective stress gradually 
diminishes while the pore water pressure increases. Initially, 

deformations progress at a relatively slow pace during load-
ing; however, as the loading cycles intensify, the rate of 
deformation accelerates, leading to the onset of liquefaction. 
The primary cause is the reduction of effective soil stress, 
eventually approaching zero.

The liquefaction behavior of sands can be influenced by 
multiple factors, including the grain size, grain geometry, 
angularity, soil porosity, soil fabric, and initial effective 
stress. Among the mentioned factors, the shape of the par-
ticles plays a crucial role in determining the strength of the 
granular soil and, consequently, its susceptibility to liquefac-
tion. In natural conditions, granular soil particles can exhibit 
elongated, non-circular, and angular geometries. Kandasami 
and Murthy [1] conducted a study to examine how the shape 
of grains influences the mechanical behavior of granular soil. 
They discovered that soil samples containing angular parti-
cles tend to contract, whereas samples containing spherical 
particles tend to expand. In a separate study, Ashmawy et al. 
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[2] employed a numerical approach to investigate both the 
liquefaction potential and the impact of grain geometry on 
the cyclic response of soil. They conducted undrained cyclic 
shear tests on particle assemblies with varying degrees of 
sharpness. The findings from this study revealed that both 
the shape and density of the particles significantly influ-
ence the susceptibility of the sample to liquefaction. Addi-
tionally, Keramatikerman and Chegenizadeh [3] explored 
the impact of particle shape on static liquefaction through 
static triaxial compression tests. In this study, the research-
ers utilized a naturally occurring sand composed of rounded 
particles. To investigate the effects of particle shape, they 
crushed some of the sand particles, creating sharp-edged 
particles. The experiments were then conducted using the 
natural sand, crushed sand, and a combination of the two. 
The results of the tests revealed contrasting behaviors in 
shear response between the natural sand and crushed sand. 
Notably, an increase in the proportion of crushed particles 
led to enhanced resistance against liquefaction, along with 
significant alterations observed in the shear response of the 
samples.

Apart from the particle shape, the arrangement of par-
ticles, known as soil fabric, can also impact the resistance 
behavior of granular soil. As a result, laboratory findings 
suggest a significant correlation between the liquefaction 
resistance of sands and the soil fabric [1, 4–15]. The term 
“fabric” refers to how particles are arranged in relation to 
each other, including their shape and the distribution of 
pores within the particle set. Typically, soil fabric exhibits 
anisotropy, meaning that it is not uniform in all directions. In 
nature, during the process of sediment formation, particles 
tend to align themselves in a specific direction. This align-
ment is primarily influenced by gravitational forces acting 
on the particles. As a result, the soil fabric becomes oriented 
and exhibits preferred directions of particle arrangement. An 
illustration of this phenomenon can be found in the work 
of Oda et al. [6], who noted that fabric anisotropy result-
ing from the parallel alignment of particles is commonly 
observed in sands found in rivers, beaches, and coastal hills. 
Notably, this type of anisotropy can also be present in artifi-
cially deposited sand layers. The anisotropy that arises from 
the settling process and gravitational forces is referred to as 
inherent anisotropy. Previous studies have demonstrated that 
fabric anisotropy in soil can lead to different responses under 
loading conditions. Researchers such as Arthur and Men-
zies [4] and Oda [5] conducted experiments involving sand 
samples with varying layering directions to investigate the 
impact of inherent anisotropy. Using a triaxial compression 
machine, they observed that the initial direction in which 
the sand was placed had a significant influence on the devia-
toric stress exhibited by the sample. Oda [5] demonstrated 
that the natural directional dependence influences both the 
expansion tendency of the sample and the modulus of secant 

deformation. According to Oda [6], who conducted experi-
ments on sand samples, the shear strength of the soil is not 
consistent but varies depending on the angle at which, the 
particles are placed. It was observed that samples loaded 
perpendicular to the plane of the particle bed exhibit greater 
undrained shear strength. The impact of fabric anisotropy 
on the mechanical properties of soil was explored by Yang 
et al. [11] through triaxial static compression tests conducted 
on sand samples prepared using different techniques. Two 
methods including moist tamping and dry deposition were 
employed for sample preparation. The findings of their study 
revealed that altering the sample preparation method leads to 
variations in the sample's behavior. Specifically, the sample 
prepared using the moist tamping method exhibited higher 
resistance to pore pressure formation and displayed a more 
pronounced expansion response compared to the sample 
prepared using the dry deposition method. Miura and Toki 
[7] and Sze and Yang [12] conducted both triaxial static 
compression tests and cyclic tests on sand samples prepared 
using various methods. These tests aimed to examine how 
fabric anisotropy influenced the overall behavior of the sam-
ples. In the triaxial compression tests, where loading was 
applied vertically, the researchers analyzed the impact of 
different preparation methods on the macroscopic response 
of the samples. The research findings indicated that the 
method of sample preparation and the resulting fabric had 
a significant influence on the sand's behavior during cyclic 
loading. Notably, the resistance to liquefaction and the 
expansion response of the samples varied depending on the 
preparation method. Miura and Toki [8] and Sze Yang [12] 
examined the response of undrained specimens under cyclic 
triaxial loading conditions. In contrast to static loading, the 
findings from undrained cyclic triaxial tests indicated that 
samples with a horizontal bed exhibited the least resistance 
to liquefaction. Oda et al. [10] conducted a study examin-
ing the impact of different angles of particle placement on 
soil samples. These angles included zero, 30, 45, 60, and 
90°. The findings revealed that horizontally placed particles 
exhibited lower resistance to liquefaction, whereas increas-
ing the angle of particle placement enhanced the resistance 
to liquefaction. Numerous studies have highlighted the sig-
nificant influence of fabric anisotropy on soil strength, bear-
ing capacity, and both elastic and plastic properties. How-
ever, the technical literature contains limited research on the 
correlation between excess pore water pressure generated 
during the initial loading cycle and liquefaction resistance 
[10, 16]. These studies have explored various factors such 
as relative density, cyclic stress ratio, sample preparation 
method, and effective confining stress of the soil.

Quantifying soil fabric through laboratory methods is 
a challenging task. However, the numerical Discrete Ele-
ment Method (DEM) offers a viable solution for obtain-
ing micro-scale details about granular aggregates. By 
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simulating real particles and their interactions, DEM 
serves as an effective tool for measuring and evaluating 
soil fabric. Cundall and Strack [17] developed the ini-
tial computer program, known as BALL, employing the 
discrete element method to model granular materials 
composed of circular disks in a two-dimensional setting. 
Another computer program called POLY was designed to 
simulate the behavior of polygonal particles [18]. The lat-
ter program has been developed to employ the impact of 
particle breakage [19, 20], model the particulate mecha-
nism of sand production in granular assemblies with dif-
ferent bonding conditions [21], and also takes into account 
the effects of fabric anisotropy on the performance of these 
aggregates [22–25].

Researchers such as Sazzad and Suzuki [26], Mahmood 
and Iwashita [27], and Yang et al. [28] have examined the 
impact of soil fabric anisotropy using elliptical particles, 
while Seyedi Hosseininia [22, 23] focused on two-dimen-
sional sharp particles, employing the DEM method. In this 
study, various placement angles were assigned to the parti-
cles in the samples, which were then subjected to one-way 
deviator loading. All of the aforementioned studies revealed 
a significant alteration in the mechanical behavior of the 
samples based on the initial placement angle of the particles. 
Moreover, it was noted that as the placement angle of the 
particles increased, the stress ratio of the sample decreased, 
resulting in a transition from expansion to contraction in the 
sample's behavior. The research conducted by Seyedi Hos-
seininia [23] found that heterogeneous samples consisting 
of polygonal grain particles exhibited greater shear strength 
in comparison to samples containing elliptical particles. 
The disparity in strength was attributed to the distinctive 
shapes of the particles. Another study conducted by Jiang 
et al. [29] and Lu et al. [30] examined the impact of fabric 
anisotropy on the mechanical properties of sand by altering 
the angle of the particle bed during undrained static biaxial 
tests, using DEM. Their findings revealed that fabric ani-
sotropy influenced both the resistance of the samples and 
the internal friction angle at its peak. Numerical simula-
tions conducted using the DEM were utilized to examine 
the impact of initial fabric on the resistance to liquefaction 
through undrained cyclic tests. The findings revealed that 
varying initial fabrics resulted in diverse levels of liquefac-
tion resistance [13, 31–34]. Additionally, it was observed 
that the anisotropy of the fabric influenced the location of 
strain localization [34]. Wang et al. [35] employed numerical 
simulation through DEM to verify the accuracy of a consti-
tutive model under cyclic loading. They utilized the cluster 
technique to generate elongated particles. Through DEM-
based simulations of cyclic tests, they investigated samples 
with bedding plane angles of 0° and 45° and found that the 
initial bedding angle has a notable impact on shear strength 
and resistance to liquefaction.

Limited research has been conducted on the impact of 
fabric anisotropy on the resistance of granular soil to lique-
faction, as evident from the technical literature. This arti-
cle aims to explore the influence of fabric on the resistance 
of granular soil against cyclic liquefaction. The research 
employs the DEM as a numerical approach. To accomplish 
this, various samples of sandy soil with diverse initial fab-
ric conditions were prepared and exposed to cyclic loading 
under undrained conditions, while maintaining a constant 
deviatoric stress range. To simplify matters, the simulation 
takes place in a two-dimensional environment. Previous 
studies have primarily utilized circular, spherical, or oval 
particles to create samples with inherent fabric anisotropy 
[13, 26–32, 34, 35]. However, in this particular research, 
polygonal particles are employed, reducing the required 
number of particles in comparison with the cluster tech-
nique. The samples' resistance to liquefaction is assessed 
using two distinct criteria: stress criterion (initial liquefac-
tion) and strain criterion by defining of double amplitude 
strain range. Furthermore, the study aims to examine the 
impact of particle long axis alignment relative to the load-
ing axis.

2  Numerical simulation of anisotropic 
samples

This study utilized a developed version of a computer pro-
gram POLY to conduct simulations of biaxial compression 
tests on soil samples [19, 20, 22–25]. The program employs 
the DEM numerical method and considers soil particles with 
various shapes including irregular and convex polygons, in 
a two-dimensional setting. The soil samples were subjected 
to both static and cyclic loading conditions, and the simu-
lations were performed under both drained and undrained 
conditions. Specifically, the undrained simulation of polyg-
onal granular materials was conducted using the constant 
volume method in this research. This approach disregards 
the water surrounding the solid particles, instead simulat-
ing the undrained state by assuming both water and solid 
particles are incompressible and maintaining a constant total 
sample volume. The process of simulating the undrained 
biaxial compression test involves three stages: generation of 
soil samples, confinement of the soil samples, and applying 
biaxial loading (deviatoric stress).

2.1  General features

2.1.1  Particle shape definition

The shape of particles can be described as an irregular poly-
gon, allowing for the inclusion of particles of various shapes 
and sizes within an ellipse. Figure 1 illustrates the overall 
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particle geometry in relation to the encompassing ellipse. 
This ellipse is characterized by a major axis with a length 
of L and a minor axis with a length of B. The dimensions of 
the ellipse can vary. Table 1 presents the specific properties 
of different soil samples, each of which contains particles 
conforming to this geometry. The samples analyzed in this 
study are uniformly graded, exhibiting a uniformity coef-
ficient of 1.3 and a curvature coefficient of 0.89.

2.1.2  Contact model

The primary challenge in the simulation process of con-
tacting polygonal particles is the accurate detection of con-
tacts between these particles. For the current simulation, 
the overlap-area contact law [18] is utilized and the details 
are explained by Seyedi Hosseininia [22]. In this approach, 
a contact is characterized by an overlap area between the 
two contacting particles (A). The line connecting the inter-
section points of the contact surface represents the contact 
length (L) between the particles. The indentation length 
(δ) can be defined as δ = A/L. Each contact force consists 
of both normal and tangential components with respect to 
the contact surface direction. The value of the normal  (Fn) 
and tangential (Fs) contact force components are defined as 
 Fn =  knδ and  Fn =  ksΔ, where  kn and  ks represent the normal 
and tangential stiffness coefficients. Δ is the relative tangen-
tial displacement of the two particles along the contacting 
length. It is assumed that the behavior of normal contact 
force is elastic, while the tangential contact force behaves 
as frictional, and according the value is limited. This means 
that sliding may occur along the contact surface when |Fs| 
> μ.Fn. Otherwise, the relationship between shear force and 
tangential displacement is recoverable. Here, μ is the inter-
particle friction coefficient. The values of the parameters in 
thus study are in accordance with Table 2.

2.1.3  Boundary conditions

In the POLY program, boundary conditions can be applied 
in two forms: strain-controlled and stress-controlled. In the 
strain-controlled mode, the boundary particles are imposed 
to move towards or outwards the center of the sample with a 
predefined velocity in a tensorial form. The horizontal and 
vertical components of the displacement of each boundary 
particle is calculated by the tensorial multiplication of the 
velocity tensor and the particle location vector which intro-
duces the situation of the particle with respect to the center 
of the sample. This configuration is utilized in this research 
for the initial isotropic compression (i.e., a uniform radial 
displacement) to reduce the voids after the sample gen-
eration. In addition, the strain-controlled mode was imple-
mented as an imposed displacement of boundary particles in 
order to simulate the upper and lower parts of the sample. In 
the other mode, i.e., the stress-controlled mode, the bound-
ary particles are moved such that a desired value of stress 
components (in terms of a stress tensor) are formed over 
the total boundary and throughout the sample, accordingly. 
The boundary particles movement is calculated by exerting 
an external force whose value is obtained from the devia-
tion of stress target and the existing stress components. In 
this numerical study, this configuration is utilized for the 
simulation of sample confinement under an isotropically-
compression value of 700 kPa, which is explained in detail 
in Sect. 2.3. This feature was also used in the simulation 
of cyclic loading by defining a desired level of deviatoric 
stress, as explained later in Sect. 2.5. The more details of 
boundary condition application as well as stress and strain 
tensors in a granular assembly is described by Seyedi Hos-
seininia [23, 24].

Fig. 1  Particle geometry used in 
the present study

Table 1  Dimensions of particles Particle type B (mm) L (mm)

I, II, III 3 4.5
I, II, III 4 6
I, II, III 5 7.5

Table 2  DEM parameters used in the present study

Parameter Unit value

Particle density Kg/m3 2500
Normal spring constant (kn) N/m 2 ×  108

Tangential spring constant  (ks) N/m 2 ×  108

inter-particle friction coefficient (μ) – 0.5
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2.2  Soil samples generation

Sample granulation involves placing particles randomly in a 
circular area resembling a soil sample. The initial arrange-
ment of these particles is determined by the inclination 
bedding angle (α), which represents the angle between the 
major axis of the particle’s surrounding ellipse and the hori-
zon. Figure 2 illustrates the samples created with bedding 
angles α of 0, 30, 45, 60, and 90°. Each soil sample contains 
approximately 2000 polygonal particles. During the initial 
formation of the sample, particles with similar bed angles 

are organized within the sample space, leading to the crea-
tion of inherent anisotropy in the soil sample. Specifically, 
the angle at which the particles in each sample are arranged 
indicates the inherent anisotropy angle of the soil fabric in 
relation to the horizon. Apart from these samples with inher-
ent anisotropy, a sample with an isotropic fabric has also 
been generated. This means that the particle angles are ran-
domly distributed between zero and 360° within the sample. 
Consequently, it can be stated that the frequency of particles 
arranged at a specific inclination angle is equal through-
out the entire sample. In other words, the overall sample's 

Fig. 2  Schemes of the samples 
used in the present study with 
different placement angles
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inherent anisotropy angle does not favor a particular value 
and is close to zero.

2.3  Confinement of soil samples

Once a sample is generated, it undergoes a specific applied 
pressure to confine it. This compression serves as a stress-
controlled mode to compact isotropically the sample. Both 
anisotropic and isotropic fabric samples are subjected to this 
confining pressure whose value should be effective to have 
liquefaction phenomenon. The contraction behavior of the 
samples is crucial to achieve liquefaction. However, the par-
ticles in the sample have sharp and elongated shapes, leading 
to strong interlocking and fastening, making it difficult to 
achieve a loose state. Consequently, the general behavior 
tends to be expansive rather than easily reaching a loose 
state. To observe the contraction behavior of the samples, 
various confining pressures were applied to each sample to 
analyze how their volume changed under biaxial loading. 
Ultimately, it was discovered that the samples exhibited con-
traction specifically at a confining pressure of p′0 = 700 kPa. 
Alternatively, to facilitate the liquefaction of the samples, it 
is crucial to minimize the density of the samples and maxi-
mize their initial porosity ratio. To achieve this objective, 
the application of confining pressure on the samples was 
carried out in two distinct stages. Initially, the contact fric-
tion coefficient among the particles was set to one (µ = 1). 
Following the initial compaction of the sample, the friction 
coefficient was then decreased to 0.5. To ensure equilibrium 
among the particles, the sample was reloaded, allowing them 
to move and rotate in relation to one another. This process 
was repeated until the sample volume reached a steady state. 
Figure 3 illustrates the variations in the void ratio throughout 
the calculation cycles. The initial void ratio of the sample 
was 0.605, which decreased to 0.308 after the first stage 
of confining loading. Eventually, with the reduction in the 
friction coefficient, it stabilized at a constant value of 0.28. 
Attaining the highest possible void ratio in these samples 
required multiple trials and errors. It should be noted that 
this value appears significantly smaller compared to real soil 
values. This discrepancy can be attributed to the fact that 
the particles used in this study are two-dimensional, result-
ing in smaller void ratios compared to samples with three-
dimensional particles.

2.4  Simulation of undrained condition

This study addresses the undrained condition of soil 
samples by employing constant volume method. In this 
method, the effect of the fluid in a granular material is 
simulated by maintaining the volume of the soil constant 
during loading. This assumption is related to the very low 
compressibility of the fluid compared to the soil skeleton. 

In fact, in this approach, water particles are not consid-
ered, and therefore, water is assumed to be incompress-
ible. Instead, the boundary displacement condition of the 
sample is defined in such a way that the incremental axial 
strains in both horizontal and vertical directions are oppo-
site, resulting in a zero volumetric strain. In comparison, 
the coupled method simultaneously consider water and soil 
particles to analyze fluid flow and particle displacement 
to consider the mutual effect of the fluid and particles. 
In this approach, not only the properties of the particles 
but also the properties of the fluid are taken into account. 
Some studies [36–38] show that the results of the con-
stant volume method and the coupled method have rela-
tively small differences. While the coupled method is more 
time-consuming and costly, the constant volume method is 
relatively simple and requires less time for analysis. The 
constant volume method have been used in many research 
works [37, 39–50] to simulate the static and cyclic behav-
ior of sandy samples with circular, spherical, or ellipti-
cal particles, even in large strain deformation conditions 
approaching critical states.

To ensure undrained conditions during biaxial loading, 
where water and solid soil particles are incompressible, 
the displacement conditions at the sample's boundaries are 
defined in a manner that keeps the volume constant and 
thus, the volumetric strain of the sample should be kept 
zero. Knowing that the volumetric strain is the sum of the 
vertical and horizontal strain components of the sample, 
the boundary particles are moved horizontally such that 
the incremental horizontal component of the strain equals 
that of the applied incremental vertical strain component. 
More explanations concerning the concept and description 
of constant volume approach can be found in the reference 
[51].

Fig. 3  Volume change in a typical sample versus the number of com-
putational cycles
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2.5  Application of deviatoric stress

Following the completion of the consolidation stage, the 
samples undergo biaxial loading and are exposed to devia-
toric stress. Each sample is individually subjected to both 
static and cyclic loading, as explained in detail below. All 

samples were loaded in undrained condition by using con-
stant volume approach. Figure 4 depicts the schemes of five 
anisotropic samples with α = 0, 30, 45, 60, and 90° after iso-
tropic compaction as well as the final state of biaxial static 
loading stages corresponding to axial strain of 50%. Each 
sample undergoes axial strain in the vertical direction (or 

Fig. 4  Presentation of different 
inherently-anisotropic samples 
at the end of: a confining pres-
sure stage; b deviatoric loading 
stage under undrained static 
condition (axial strain of 50%)
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2–2 direction) at a consistent rate along with lateral strain 
in the horizontal direction (or 1–1 direction) provided that 
the sample volume be constant during the loading process, 
as already explained in the previous subsection.

Strain-controlled static loading is employed during the 
testing process. The boundary particles are moved toward 
the center of the sample by introducing a fixed vertical 
velocity such that each boundary particles have a vertical 
displacement with respect to its distance to the geometri-
cal center of the sample. This configuration simulates the 
movement of two platens situated at the top and bottom of 
the sample. Applied vertical stress over the boundary is cal-
culated and the difference from the lateral (horizontal) stress 
value is regarded as the deviatoric stress.

Cyclic loading is employed to control stress by subjecting 
the specimen to a consistent range of deviatoric stress along 
the 2–2 direction, encompassing both compression and 
extension directions. The loading process is defined by the 
stress-controlled mode. The deviatoric stress (q) is the dif-
ference between the vertical stress along 2–2 direction and 
that along the 1–1 direction. If the deviatoric stress reaches 
the desired level, the load reversal occurs and the direction 
of the applied boundary movement along the 2–2 direction 
is changed. It is reminded that the top and bottom bound-
ary of each sample are moved vertically and the horizontal 
displacement of boundary particles is controlled by keep-
ing the constant volume condition similar to what explained 
for static loading. To qualitatively define the cyclic loading 
value, Cyclic Stress Ratio (CSR) is introduced according 
to Eq. 1:

where p′0 represents the initial effective confining pressure 
applied to the sample during the compaction process in the 
preceding stage (=700 kPa).

2.6  Excess Pore water pressure generation

As a result of undrained conditions during cyclic loading, 
the sample experiences a variation in excess pore water pres-
sure. To determine the overpressure at each loading stage 
in constant volume approach, the difference between the 
applied total stress and the effective stress of the sample is 
utilized in terms of confining pressure [51], as illustrated in 
Fig. 5. Excess pore water pressure (Δu) is determined by 
comparing the deviatoric stress paths of effective stress and 
total stress with respect to the confining pressure. The total 
stress path follows a straight line with a slope of 2 (vertical) 
to 1 (horizontal), whereas the effective stress path is curved.

In cyclic loading, the Excess Pore Water Pressure Ratio 
(EPWPR) named as  ru is utilized to quantify the variations 

(1)CSR =
q

2p�
0

in the generation of excess pore water pressure throughout 
the loading process. This ratio is calculated by dividing the 
excess pore pressure (Δu) by the initial effective confining 
pressure (p′0):

The EPWPR serves as a useful indicator to identify the 
onset of liquefaction in cyclic loading. In technical literature, 
 ru = 1 is recognized as the threshold for initial liquefaction. 
At this stage, the effective stress in the soil is significantly 
reduced, resulting in extensive deformations and soil failure 
[52]. However, in recent engineering practices, efforts have 
been made to consider soil deformations and define liquefac-
tion based on a strain limit. This paper adopts both approaches 
in defining liquefaction. In addition to the initial liquefaction 
approach  (ru = 1), a second approach is employed based on 
the Double Amplitude axial strain (DA). In this approach, 
the double amplitude axial strain is defined as the sum of the 
maximum and minimum axial strains in the 2–2 direction, 
as depicted in Fig. 6. Positive values of axial strain indicate 
compressive behavior of the soil, while negative strains indi-
cate extension behavior. This study focuses on the response 
of the soil to axial strain with a double amplitude, where it is 
assumed that the behavior of the soil remains within or below 
five percent.

(2)ru =
Δu

Po�

Fig. 5  Schematic demonstration of pore water pressure calculation in 
the constant volume method
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3  Results of undrained static behavior

The anisotropy in the fabric of the samples has a signifi-
cant effect on the shear strength of the samples under static 
loading and in undrained conditions. Figure 7 illustrates the 
outcomes of alterations in deviatoric stress relative to axial 
strain in the 2–2 direction (ε22), as well as the stress path in 
the deviatoric stress versus average effective pressure space. 
This analysis encompasses five samples exhibiting different 
levels of anisotropy, alongside an isotropic sample. Biaxial 
loading was employed to attain the critical state, even at 
extensive axial strains (ε22 = 50%).

According to the observations in Fig. 7a, it is apparent 
that the deviatoric stress of the samples exhibits distinct 

patterns as the axial strain level increases. There is a notice-
able deviation in the graphs at approximately ε22 = 3%. 
For α = 0, the deviatoric stress demonstrates an intensified 
increasing trend, reaching a maximum value. However, in 
the other samples, the growth of deviatoric stress occurs at 
a slower pace. Among them, the α = 45° sample exhibits the 
lowest rate of deviatoric stress growth. By comparing the 
graphs, it can be concluded that the graph of the isotropic 
sample bears a closer resemblance to the α = 45° sample 
graph. At very large strains (ε22 > 40%), the deviatoric stress 
of samples with α = 0, 30, 60, and 90° appears similar, while 
it is comparatively lower for the α = 45° sample and the iso-
tropic sample. Figure 7b provides a clearer representation 
of the influence of fabric anisotropy on the stress paths of 
the samples, as they diverge from each other right from the 
initial loading stage. As mentioned in Sect. 2.4, all the sam-
ples exhibit a contraction behavior. Throughout the loading 
process, positive pore water pressure is generated within the 
samples, leading to a decrease in average effective pressure. 
By comparing the stress paths, it can be observed that the 
samples with α = 30° and α = 60° exhibit the highest and 
lowest contraction behavior, respectively. Likewise, it is 
evident that the change trend in the isotropic sample aligns 
with that of the α = 45° sample. The trend observed in this 
section is consistent with the findings of laboratory research 
conducted by Arthur and Menzies [4], Oda [5, 6], as well as 
numerical research conducted by Seyedi Hosseininia [22, 
23], Sazzad and Suzuki [26], Mahmood and Iwashita [27], 
Yang et al. [28], Jiang et al.[29], Lu et al. [30], and Wang 
et al. [35]. These studies have all shown that the resistance 
of the sample decreases as the bedding angle of the particles 
increases, and samples with lower bedding angles exhibit a 
lower tendency to expand.

Fig. 6  Definition of Double Amplitude (DA) axial strain

Fig. 7  Mechancial behavior of undrained samples under static loading in terms of; a deviatoric stress versus axial strain; b deviatoric stress ver-
sus mean effective stress
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The parameter known as the mobilized internal friction 
angle (ϕ′mob) is employed to examine how the presence of 
fabric anisotropy impacts the shear strength of samples. In 
the case of non-cohesive granular materials, this parameter 
is derived from Eq. 3, which follows the Mohr-Coulomb 
failure criterion:

In which, σ′1 and σ′2 represent the principal effec-
tive stress components in the sample. Figure 8 illustrates 
the variation of the mobilized internal friction angle with 
axial strain for samples with different bedding angles and 
an isotropic sample. The change patterns differ among the 
samples, particularly in terms of the presence of a peak. 
With the exception of the sample with a bedding angle of 
90°, all other samples exhibit a peak in the internal friction 
angle. Subsequently, as the axial strain increases (around 
30% onwards), the mobilized internal friction angle reaches 
a constant value. By definition, the maximum points on the 
diagram correspond to the maximum internal friction angle 
(ϕ′p), and at large strains, when the value of this parameter 
stabilizes, the soil reaches a critical state. At this point, the 
friction angle can be considered as the critical internal angle 
(ϕ′cs).

Figure 9 illustrates the relationship between fabric ani-
sotropy and the shear strength parameter of granular mate-
rials by examining the maximum internal friction angle 
(ϕ′p) and the critical state (ϕ′cs) for the samples with vary-
ing bedding angles. The findings reveal that fabric anisot-
ropy significantly influences ϕ′p. Specifically, an increas-
ing bedding angle corresponds to a decreasing trend in 
ϕ′p. Mahmood and Iwashita [27], Lu et al. [30], and Jiang 
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et al. [29] investigated this phenomenon using ellipsoidal 
particles, while Seyedi Hosseininia [22] considered sharp 
polygonal particles. These studies observed similar trends, 
with changes in f′p aligning with variations in the bedding 
angle. Jiang et al. [29] demonstrated that the shear strength 
parameter (ϕ′p) experiences a significant decrease when 
the bedding angle ranges from 15° to 75°. Conversely, the 
change in ϕ′p is relatively minor when the bedding angles 
are between 0°–15° and 75°–90°. The research findings 
suggest that ϕ′p exhibits substantial variations initially as 
the bedding angle increases, but the rate of change slows 
down after reaching a bedding angle of 45°. In compari-
son to Seyedi Hosseininia's work, it is observed that ϕ′p 
for sharp-edged particles is higher than that for ellipti-
cal particles due to the locking effect. Despite the notable 
influence of fabric anisotropy on ϕ′p, the changes in the 
critical state parameter (ϕ′cs) are considerably smaller 
than those of ϕ′p. However, the value of f′cs is influenced 
by the bedding angle and is not constant, resulting in dif-
ferent values compared with the isotropic sample. Lu et al. 
[30], using the DEM and considering ellipsoidal particles, 
demonstrated that a constant value of ϕ′cs (critical state) 
was obtained for all anisotropic samples. The disparity 
in results could be attributed to the particle shape. In Lu 
et al.’s study [30], elliptical particles were used, whereas 
this study employs polygonal and convex particles. The 
locking and interlocking behavior of particles in an aniso-
tropic environment may have an impact on the soil reach-
ing a critical state, thereby accounting for the observed 
differences.

Fig. 8  The effect of inherent anisotropy on the mobilized internal 
friction angle under undrained condition

Fig. 9  Variation of peak (ϕ′p) and critical state (ϕ′cs) internal friction 
angles with the particle placement angles
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4  Results of undrained cyclic behavior

To explore the impact of cyclic behavior on the aniso-
tropic samples generated, both anisotropic and isotropic 
samples were subjected to undrained loading conditions 
using cyclic loading with various deviatoric stress ranges. 
The range of loading was defined such that CSR changes 
between 0.03 and 0.22. It is important to note that the 
loading was conducted under controlled stress conditions. 
Subsequently, the behavior of the samples was examined 

and analyzed by evaluating the variations in effective aver-
age stress, axial strain, and pore water pressure.

4.1  Stress path diagram and stress‑strain diagram

Figure 10 illustrates the relationship between deviatoric 
stress and average effective stress for anisotropic samples 
at two different stress ratios of CSR = 0.071 and 0.214. In 
both cases, the stress path originates from the initial point 
p′0 = 700 kPa and exhibits a zigzag pattern, initially descend-
ing in a horizontal direction. Consequently, the stress 
path begins as an open path, gradually transforming into 

Fig. 10  Stress path diagrams 
for the inherently-anisotropic 
samples loaded under und-
rained cyclic biaxial test 
with a CSR = 0.071, and b 
CSR = 0.214
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a butterfly shape as the average effective stress decreases. 
The loading cycles within the range of applied deviatoric 
stress follow a linear path. With the progression of loading 
and an increase in the number of cycles, as p′0 decreases 
and approaches zero, the stress path adopts a nearly constant 
shape. By comparing the stress paths of samples with dif-
ferent bedding angles, it becomes evident that fabric anisot-
ropy influences the number of cycles needed for the stress 
path diagram to reach the origin (initial liquefaction). For 
instance, when considering a sample with CSR = 0.214, it 
can be observed that the sample with a bedding angle of 
60° requires more cycles to reach the origin compared to 
the sample with a bedding angle of 45°. Miura and Toki [8], 
Gao and Zhao [33], and Zhang et al. [34] conducted studies 
comparing the number of cycles needed for the stress path 
diagram to reach the origin between samples with bedding 
angles of 0 and 90°. Their findings revealed that the sample 
with a bedding angle of zero degrees reached the origin with 
a lower number of cycles compared to the sample with a 
bedding angle of 90°. Similarly, in the current research, it is 
evident that the sample with a bedding angle of 60° requires 
a higher number of cycles to approach zero effective stress 
compared to the sample with a bedding angle of zero. Addi-
tionally, the stress path diagram indicates that the sample 
with a bedding angle of 60° is further from the origin than 
the other samples. These observations highlight the need to 
further investigate the influence of the bedding angle on the 
number of cycles required for liquefaction, which will be 
addressed in more detail in Sects. 4.2 and 4.3 of the study.

Figure 11 displays the diagram illustrating the changes 
in deviatoric stress compared to axial strain for anisotropic 
samples with different bedding angles under stress ratios 
CSR = 0.071 and 0.214. Based on the observed findings, it is 
evident that the location of axial strain accumulation varies 
based on two factors including the magnitude of CSR and 
the bedding angle. At a smaller CSR value (CSR = 0.071), it 
can be observed that, except for the sample with a bedding 
angle of 45°, the concentration of axial strains is higher on 
the side exhibiting compressive behavior in all other sam-
ples. Moreover, the range of strains in the sample with a 
bedding angle of 60° is notably lower compared to the other 
samples, indicating a higher resistance to liquefaction. This 
behavioral trend differs when considering a relatively larger 
stress ratio (CSR = 0.214). In the case of the larger stress 
ratio (CSR = 0.214), the strain concentration in the sample 
with a bedding angle of 0° occurs on the extension side 
(negative deviatoric stress value), while with an increase 
in the bedding angle to 90°, this strain concentration shifts 
towards the compressive side. Laboratory research con-
ducted by Miura and Toki [8] and Oda et al. [10] explored 
the trends of axial strain changes under cyclic loading with 
relatively large stress ratios (CSR = 0.254 and 0.305, respec-
tively). Upon comparing these results with the findings of 

the present study, it can be concluded that there is a notable 
agreement between the laboratory results and the current 
research for relatively large stress ratios.

4.2  Variation of EPWPR

Figure 12 illustrates the changes in EPWPR  (ru) with the 
number of loading cycles for anisotropic samples under 
different cyclic stress ratios (CSR). Regardless of the bed-
ding angle of the particles, it can be observed that the pore 
water pressure ratio in the initial loading cycle experiences 
a sudden increase. Subsequently, with an increasing number 
of loading cycles, it follows a specific trend and eventually 
stabilizes around  ru = 1. When comparing the graphs of sam-
ples with different bedding angles, it becomes apparent that 
the bedding angle has an impact primarily at lower CSRs, 
influencing the progression of  ru changes. However, as the 
cyclic stress ratio increases, this distinction becomes less 
pronounced. Figure 12 presents the results for cyclic stress 
ratios (CSRs) smaller than CSR = 0.107 to demonstrate the 
difference in behavior. In the case of CSR = 0.053, the trend 
of pore water pressure changes  (ru) is similar for samples 
with bedding angles of 30° and 45°, while the sample with 
a bedding angle of 60° exhibits a reduced growth of pore 
water pressure in the middle cycles (from the 40th cycle 
onwards) until it reaches a value of  ru = 1 in the final load-
ing cycle (cycle number 120). The trend of  ru for the sam-
ple with a bedding angle of 90° also differs from the other 
samples. Similarly, for CSR = 0.071, this difference in the 
trend of  ru is observed, although the disparity between the 
graphs is less pronounced. However, for CSRs greater than 
0.1, the difference between the graphs diminishes, and they 
nearly overlap.

The behavior of the sample in resisting liquefaction dur-
ing cyclic loading can be determined by the increase in pore 
water pressure during the initial cycle. Laboratory findings 
indicate that a higher ratio of pore water pressure generated 
during the first cycle leads to a lower resistance to liquefac-
tion in the sample [10]. Figure 12 illustrates the relationship 
between the ratio of pore water pressure generated in the 
first cycle and the number of cycles required for liquefaction 
under various cyclic stress ratios, with a double amplitude 
strain of 3% defined. Initially, it is evident that there is a 
downward trend in the change of  ru (liquefaction resistance) 
during the first cycle. In Oda et al.'s laboratory investiga-
tion [10], similar trends were observed as they plotted these 
changes for a soil sample with varying density percentages. 
Similarly, a downward trend was reported. Another recent 
laboratory study conducted by Ni et al. [16] discussed how 
the liquefaction resistance  (ru) changes in the first loading 
cycle in relation to the number of cycles required for lique-
faction, and again, a downward trend was observed in the 
laboratory results. However, in Fig. 13, this trend is depicted 
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Fig. 11  Display of devia-
toric stress versus axial strain 
diagrams of the samples 
under undrained cyclic biaxial 
test with different values of 
CSR: a CSR = 0.071 and; b 
CSR = 0.214
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for different samples with varying bedding angles. It can be 
observed that the initial inherent anisotropy in the samples 
has a significant impact on the liquefaction resistance  (ru) 
during the first loading cycle. The sample with a bedding 
angle of zero exhibits the highest value of liquefaction resist-
ance  (ru), while the value of  ru decreases as the bedding 
angle increases. Consequently, the sample with a bedding 
angle of 45° or 90° has the lowest value of  ru. It is worth 

noting that the influence of fabric on this characteristic is 
also observed in the laboratory findings of Ni et al. [16]. In 
their study, samples with the same density and stress condi-
tions but different initial fabric resulting from various prepa-
ration methods such as moist tamping, air pluviation, and 
water pluviation exhibited different values of  ru and lique-
faction resistance. Hence, it can be concluded that inherent 
anisotropy can directly impact the excess pore water pressure 
in the first cycle and consequently influence the resistance 
to liquefaction.

4.3  Effect of fabric anisotropy on cyclic liquefaction 
resistance

The determination of the liquefaction resistance of the sam-
ples is based on the stress and strain limits mentioned ear-
lier in Sect. 4.2. It should be noted that liquefaction can be 
defined for different pore water pressure ratios other than 
 ru = 1. Figure 14 illustrates the correlation between the CSR 
value and the number of cycles needed to achieve  ru val-
ues of 0.95, 0.85, and 0.6. In all the samples, as the CSR 
value increases, the number of cycles required for lique-
faction decreases. The figure indicates that this reduction 
process is influenced by the particle bedding angle or inher-
ent anisotropy. By altering the bedding angle of the parti-
cles, the number of cycles needed for liquefaction varies 
for each sample with the same CSR value. The influence of 

Fig. 12  Variation of  ru with 
No. of loading cycles with CSR 
values of CSR = 0.053, 0.071, 
CSR = 0.089, and 0.107

Fig. 13  Relationship between the initial value of the excess pore 
water pressure ratio with No. of loading cycles to liquefaction cor-
responding to DA = 3%
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inherent anisotropy on the initial liquefaction resistance is 
clearly evident based on Fig. 14a. The sample with a bed-
ding angle of 60° exhibits the highest resistance, while the 
sample with a bedding angle of 0° shows the lowest resist-
ance against initial liquefaction. These findings align well 
with the laboratory results of Miura and Toki [8] at  ru = 1. 
Examining Fig. 14b,c, it is observed that the impact of ani-
sotropy becomes weaker at smaller values of  ru, resulting 
in a decreased separation between the graphs. At  ru = 0.85, 
the sample with a bedding angle of 60° still exhibits the 

highest resistance, whereas the sample with a bedding angle 
of 30° shows the lowest resistance. As  ru decreases further 
 (ru = 0.6), it can be concluded that nearly all the graphs over-
lap and display similar behavior. In essence, inherent anisot-
ropy in the fabric appears to be influential primarily during 
the initial liquefaction stage  (ru = 1).

The impact of fabric on the liquefaction of anisotropic 
samples has also been examined by considering the dou-
ble amplitude strain. Figure 15 illustrates the correlation 
between the CSR value and the number of cycles needed 

Fig. 14  Relationship between CSR and No. of loading cycles required to reach different values of  ru: a  ru greater than 0.95, b  ru = 0.85, c  ru = 0.6

Fig. 15  Relationship between CSR and No. of loading cycles required to reach different values of DA strain: a DA = 0.8%, b DA = 2%, c 
DA = 5%
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to achieve double amplitude strains of DA = 0.8, 2, and 5% 
in samples with varying particle bedding angles. The trend 
observed is that the CSR values decrease as the number of 
cycles required for the desired strain range increases. Moreo-
ver, larger double amplitude strains correspond to higher 
CSR values. Notably, the effect of inherent anisotropy in 
the fabric on different CSR values is more pronounced when 
considering different double amplitude strain levels com-
pared to  ru. Across all double amplitude strains, the sam-
ple with a bedding angle of 60° consistently exhibits the 
highest CSR value. In the case of different values of the 
bedding angle (α), no specific trend is observed regarding 
the minimum CSR value based on the level of the double 
strain range. However, it is consistently observed that the 
CSR values associated with the sample having a bedding 
angle of 90° are always higher than those of the sample 
with a bedding angle of zero. This finding is in line with the 
experimental results previously demonstrated by Miura and 
Toki [8] and Oda et al. [10]. The research conducted by Oda 
et al. [10] also indicates that the sample with a bedding angle 
of 60° exhibits higher CSR values compared to the other 
samples. Therefore, it can be concluded that the numerical 
simulation results are in good agreement with the laboratory 
findings mentioned above.

Figure 16 compares the CSR values of anisotropic sam-
ples with bedding angles of 0.45° and 90° for two different 
double amplitude strains, namely DA = 0.8% and DA = 2%, 
based on the number of required loading cycles. The con-
tinuous lines represent the double amplitude of 0.8%, while 
the dashed lines correspond to the double amplitude of 2%. 
The shape of the data points indicates the different bedding 
angles. It is evident that as the bedding angle increases, the 
number of cycles needed to achieve the double amplitude 

strain also increases, resulting in an increased liquefaction 
resistance of the sample. Additionally, for the larger double 
amplitude strain (DA = 2%), the graphs depicting the CSR 
values are closely aligned, indicating that the influence of 
the fabric on the liquefaction resistance of the samples is 
weaker at higher double strain levels. The laboratory study 
conducted by Miura and Toki [8] investigated the number of 
cycles required to induce liquefaction for two samples with 
bedding angles of zero and 90° at double amplitude strains 
of 1, 2, and 5%. The findings revealed that the sample with 
a bedding angle of 90° exhibited higher liquefaction resist-
ance. Moreover, as the double amplitude strain increased, 
the difference in liquefaction resistance between the samples 
with 0- and 90° bedding angles decreased. By comparing the 
results of the present research with the laboratory findings, it 
can be concluded that the results are consistent and aligned 
with each other.

5  Concluding remarks

The current study utilized the discrete element method to 
simulate static and cyclic biaxial compression tests under 
undrained condition. The soil samples consisted of elon-
gated sharp-angled particles, and their initial fabric was var-
ied. Specifically, the angles of the particles with respect to 
the horizon were set to zero, 30, 45, 60, and 90°, in addition 
to a sample with isotropic fabric. By analyzing the behavior 
of the samples and assessing their resistance against cyclic 
liquefaction, the following results were obtained:

• The stress paths resulting from specimens with differ-
ent fabric anisotropy under undrained static loading are 
distinct from each other. Initial axial strain values indi-
cate that the specimen with α = 0° exhibits the highest 
deviatoric stress compared to the other specimens. The 
deviatoric stress in the specimen with α = 45° grows at 
a slower rate and exhibits behavior that is almost simi-
lar to the isotropic specimen. Additionally, at very large 
strains (ε22 > 40%), the deviatoric stress values for aniso-
tropic specimens with α = 0, 30, 60, and 90° are similar 
to each other. However, the specimen with α = 45° and 
the isotropic specimen have lower deviatoric stress val-
ues than these specimens. This indicates the influence of 
fabric anisotropy on the mechanical behavior of the soil. 
Furthermore, through the analysis of the results, it was 
observed that as the bedding angle of particle increases 
up to α = 45°, the maximum internal friction angle is sig-
nificantly affected, exhibiting a steep decreasing trend. 
Beyond α = 45°, the trend of change in the maximum 
internal friction angle becomes slower. However, the 
change in the critical internal friction angle is signifi-
cantly less.

Fig. 16  Comparison of liquefaction resistance of samples with 
α = zero, 45, and 90° based on DA strain equal to 0.8 and 2%
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• By analyzing the stress path of anisotropic samples under 
cyclic loading, it becomes apparent that the initial fab-
ric and inherent anisotropy have a noticeable impact on 
the behavior of the samples. Throughout cyclic loading, 
the effective confining stress diminishes, and the sam-
ple progressively approaches a liquefaction state. The 
inherent anisotropy introduces variations in the number 
of cycles necessary for the initial liquefaction of the sam-
ple. The specimen with α = 60° requires a greater number 
of cycles compared to the other specimens to approach 
zero effective stress, and it also approaches the origin 
of the graph less closely. Furthermore, upon examining 
the stress-strain diagrams, it becomes evident that fab-
ric anisotropy can cause the concentration of compres-
sion or extension strains to shift within the sample dur-
ing cyclic loading. At relatively high cyclic stress ratios 
(CSR = 0.214), it was observed that strain localization in 
the specimen with α = 0° is in the extension side, and as 
the bedding angle increases to α = 90°, this strain locali-
zation tendency shifts towards the compression side.

• The magnitude of the cyclic stress ratio is an additional 
factor that influences the response of anisotropic sam-
ples to liquefaction. Through an analysis of the samples' 
behavior in terms of excess pore water pressure ratio, it 
becomes apparent that the influence of inherent anisot-
ropy is more pronounced at lower stress ratios. As the 
level of the cyclic stress ratio increases, the rising trend 
of the excess pore water pressure ratio  (ru) in anisotropic 
samples becomes more similar. At CSR values of 0.053 
and 0.071, it is evident that the increasing trend of  ru 
in the specimen with α = 60° is slower compared to the 
other specimens. However, with an increase in the mag-
nitude of the cyclic stress ratio, this difference becomes 
less pronounced, and specimens with different fabric ani-
sotropy exhibit similar behavior.

• The extent of excess pore water pressure increase in the 
initial loading cycle is directly linked to the resistance 
against liquefaction. Consequently, a higher value of the 
 ru corresponds to a lower number of cycles required for 
liquefaction to occur. The  ru value generated in the first 
cycle is the highest in the specimen with α = 0° and the 
lowest in the specimens with α = 45 and 90°. This phe-
nomenon holds true for all anisotropic samples, and by 
altering the bedding angle, the  ru value in the first cycle 
can be modified.

• Under uniform stress loading conditions (constant 
CSR), it has been observed that the influence of inher-
ent anisotropy is particularly prominent during the 
initial liquefaction stage  (ru = 1). In the investigation 
of the inherent anisotropy's effect on initial liquefac-
tion resistance, it was observed that the specimen with 
α = 60° exhibits the highest resistance, while the speci-
men with α = 0° shows the lowest resistance to initial 

liquefaction. However, if the liquefaction of the sam-
ples is evaluated at values smaller than  ru, the impact 
of inherent anisotropy can be disregarded or considered 
negligible.

• In the context of liquefaction definition, when the dou-
ble strain amplitude level is considered instead of the 
stress criterion, the inherent anisotropy effect continues 
to influence the liquefaction resistance. At a specific dou-
ble amplitude level, a lower cyclic stress ratio results in 
a reduced number of cycles required to achieve lique-
faction (reaching the desired DA). In all double strain 
amplitude levels, the CSR value for the specimen with 
α = 60° is larger, and the CSR values associated with 
the specimen with α = 90° are consistently greater than 
the specimen with α = 0°. The effect of inherent anisot-
ropy becomes more pronounced at smaller double strain 
amplitude levels.

Given the time-consuming nature of simulations of cyclic 
mechanical behavior using the DEM method, this research 
opted for the use of flat two-dimensional particles for the 
sake of simplicity. However, it is recommended to employ 
3D simulations to fully explore the effect of inherent anisot-
ropy in the samples. Additionally, future research endeavors 
can leverage the DEM to investigate the microscale behavior 
of cyclic liquefaction in anisotropic soil, enabling a more 
comprehensive understanding of this phenomenon. The 
mechanical behavior of assemblies with initially anisotropic 
fabric would also be of interest for further investigation, par-
ticularly regarding the influence of particle shape and size.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10035- 024- 01397-4.
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