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ABSTRACT: This study aims to identify the effect of inherent anisotropy (bedding plane inclination) and mechanisms affecting
the susceptibility of granular soils to liquefaction by utilizing the three-dimensional discrete element method (DEM). A set of
simulations were carried out on transversely isotropic particulate assemblies as well as isotropic sample under undrained cyclic
constant total mean pressure conditions varying the inherent anisotropy and deviatoric stress loading amplitude. Simulations
highlight the combined impact of shear stress amplitude and anisotropic microstructure of the assemblies on the liquefaction
potential, post-liquefaction displacement, coordination number, and accumulation of excess pore-water pressure. In addition, the
results show that the preferential particle elongation and contact anisotropy of particles at liquefaction are highly dependent on
the predefined anisotropy direction. It turns out, that the inherent anisotropy affects the undrained cyclic resistance.
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1 INTRODUCTION

Investigation of the soil response under repeated
loading is indispensable in geotechnical engineering as
many civil structures are subjected to multiple
unloading-reloading cycles such as machine
foundations (Calvetti et al., 2010), bridge footings
(Elgamal et al., 2008), tunnels (Tafili and Wichtmann,
2022) piles (Machacek et al., 2021) and the foundations
of wind turbines (Krathe and Kaynia, 2017). While
many research has focused on the drained and undrained
soil response under recurring loading of isotropic
samples (e.g., Wichtmann and Triantafyllidis, 2014,
2016; Li et al., 2020; Knittel et al., 2022), limited
knowledge is available concerning the cyclic response
of soils with inherent anisotropy. The profound role of
anisotropy has been indicated in decreasing the bearing
capacity of shallow foundations located on transversely
isotropic granular soil (Azami et al. 2010; Qin et al.
2016), strain localization in soil specimens (Lu et al.,
2011) and may cause a significant deviation from the
strength design (Li and Dafalias, 2002).The amplitude
of deviatoric stress and strain (Chiaro et al., 2012),
initial stress state (Araei et al., 2012), void ratio
(Belkhatir et al., 2010), and inherent anisotropy of soil
specimens (Wei and Wang, 2016) are among the main
factors affecting the soil response to cyclic loading.

On the other hand, most conventional laboratory
investigations focus on the macro-scale properties of
soil mechanics and usually do not take into account the
micro-scale variations that may occur during the
loading process. While discrete element method (DEM)
has proven its unique capability and is considered as a

versatile tool to investigate the micro- and macro-scale
behaviour of particulate assemblies (Tavarez et al.,
2007, Salimi and Lashkari, 2020). In general, there are
two primary methods to simulate the undrained re-
sponse of fully water-saturated particulate media with
DEM. The first method is known as the constant volume
method, which prohibits any variations in the total vol-
umetric strain of particulate assemblies in DEM simu-
lations. The second approach involves combination of
DEM with another numerical scheme, like the compu-
tational fluid dynamics method, to account for the pres-
ence of pore fluid in the analysis. However, this method
requires significant computational requirements. Re-
cently, Salimi and Lashkari (2020) proposed a hybrid
approach called DEM- Coupled Fluid Method (CFM) to
simulate the undrained response of initially anisotropic
particulate assemblies under true-triaxial/triaxial condi-
tions.

The main objective of this study is to investigate the
undrained response of particulate media under recurring
loading, with a focus on the inherent anisotropy of the
samples. To achieve this, different soil specimens have
been simulated with varying inherent anisotropy using
non-spherical shapes. The DEM-CFM scheme has been
employed to consider the effect of fluid-solid
interaction under cyclic undrained conditions. The soil
response has been evaluated for different deviatoric
stress amplitudes while maintaining constant mean total
stresses. Additionally, micro-scale parameters such as
the coordination number, the invariant of the fabric
tensor of contact orientation, and particle elongation
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have been analyzed for different shear loading
amplitudes.

2 BASIC ASSUMPTION OF DEM
SIMULATIONS

The present study comprises simulations of particulate
assemblies under undrained cyclic loading while the to-
tal mean stress p‘°* was held constant considering a
wide range of deviatoric stress amplitudes g*™P. The
numerical calculations are conducted with the 3D Parti-
cle Flow Code (PFC3D) software (Itasca, 2014). The
Coupled Fluid Method (CFM) approach was utilized to
account for the undrained condition. Details about the
CEFM approach can be found in Salimi and Lashkari,
2020.

The linear contact model was employed to govern the
particle-to-particle contact mechanism within a cubic
sample (5x5x5 mm?’) enclosed by rigid boundaries. To
create assemblies with distinct inherent anisotropy,
9100 elongated particles with an aspect ratio of 1.7 were
generated by constructing three pebble clumps, see Fig-
ure 1 left. The chosen particle size distribution (PSD)
resembles the PSD of Red Hill-110 sand. The model
parameters utilized in DEM simulations are listed in
Table 1.

Table 1: List of DEM parameters
Particle density

2650 [kg/m?]

Damping ratio 0.7
Walls friction 0
Wall stiffness 107 [ kPa]

Tangential stiffness 10°xr® [ kPa]
Normal stiffness 10°xr® [kPa]
Total number of spheres 27300
Maximum diameter of particles 0.4 [mm]
Minimum diameter of particles 0.1 [mm)]
Interparticle friction during shear 0.5

§ ris the pebble’s radii

Initially, the particles were created with the purpose
to produce transversely isotropic assemblies. The
assumption for the transversely isotropic condition is
that the Z direction (vertical direction) in the cartesian
coordinate system is the symmetry axis and axes X and
Y become a plane of symmetry. Thus, for creating an
assembly with isotropic initial fabric (hereafter 1SO),
the particles' elongation was assigned based on the
random distribution in all three axes. However, in order
to generate transversely isotropic specimens (TRO,
TR45, and TR90 presented in Fig. 1), the particle
elongation was predefined in the Z direction and
randomly distributed in the X and Y directions. In the
sample denoted by TRO, the particles possess a zero
inclination with respect to the horizontal plane (say ex-
gy), TR45 particles have a 45° inclination, and TR90
particles are perpendicular to the horizontal plane.
Afterwards, all samples were isotropically consolidated
under 10 kPa (sample preparation stage) with different

inter particle friction. Later, the interparticle friction
was set to 0.5 and assemblies consolidated until 100
kPa. The interparticle friction at the sample preparation
stage is assumed by trial and error in order to achieve
the same void ratio of 0.640 for all samples prior to the
shear stage. Figure 1 depicts the consolidated
specimens, which have been color-coded to visually
represent the predetermined bedding plane in a
schematic manner. To maintain a quasi-static condition
during the loading-unloading stage, the strain rate was
maintained constant at 0.005 [1/sec] (Lopera Perez et
al., 2016).

Figure 1: Schematic of particle shape and sample bedding
plane.

3 MICROSCALE QUANTITIES

In DEM simulations, particles are modelled as discrete
elements that interact with each other via contact forces.
The coordination number (CN) of a particle is an im-
portant parameter that can affect the behavior and prop-
erties of the system. For example, a higher CN may lead
to a denser and more structurally stable packing of par-
ticles, while a lower CN may result in a more fluid-like
behavior (Salimi et al., 2023b). The coordination num-
ber can vary depending on the particle size, shape, and
packing arrangement, as well as the simulation parame-
ters such as the contact detection algorithm and the con-
tact model used. Hence, the CN , which is the average
contacts per particle, can be used to indicate the contri-
bution of particles in the load-bearing microstructure of
assemblies:

1
CN = - T, n¢ (1)

where n¢ and Np denote the total number of contacts for
each particle and the overall number of particles, re-
spectively.
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Another important micro-mechanical quantity can be
derived based on the second invariant of the fabric ten-
sor (F). Thereby, the scalar quantity for the anisotropy
of granular assemblies can be calculated following:

AY = V3 dev FU: dev FU (2)

where Ll = ¢ stands for contact orientation and LI = p
for particle orientation of fabric tensor.

4 MACROSCALE BEHAVIOR

The ISO, TRO, TR45 and TR90 assemblies were sub-
jected to cyclic shear under constant total stress condi-
tion. The (one-way) amplitude of the deviatoric stress
q“™P has been varied between 45, 50, 55, 60, 65, and
70 kPa and applied only in triaxial compression (g =
0). The initial void ratio of all samples amounted 0.64
at an initially isotropic initial state of p’ = 100 kPa. The
tests ceased after shear strains of &, = 13 % as admis-
sible deformation. Typical results of effective stress
paths (q vs. p") for ISO samples are presented in Figure
2. The results show that with the increase of g*™P, the
number of cycles to reach cyclic mobility (repeated
stress loops as attractors) decreases significantly. A
stress liquefaction (p’ = 0) is not reached in such tests
with qcompression > 0.
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Figure 2: q vs. p' for ISO sample subjected to q¥™P =45, 50,
55, and 60 kPa.

After a certain number of cycles, the accumulated
pore water pressure reaches a stable value and thus the
effective stress path repeatedly passes through a certain
lens-shaped loop (attractor), which is located near the
failure line (FL, known from undrained monotonic
tests). For a more detailed discussion of the position of
the final stress loops with respect to the FL and the
phase transformation line the interested reader is re-
ferred to Salimi et al. (2023a).

On the other hand, the minimum mean effective
stress reached at the attractor increases slightly with in-
creasing deviatoric amplitude. However, the strain ac-
cumulation continues even when the stress relaxation
has stopped. Figure 3 shows that the amplitude of axial
strain remains almost constant throughout the cyclic
mobility regardless of g*™P. These findings are sup-
ported by laboratory results presented for example by
Wichtmann and Triantafyllidis (2014, 2016).
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Figure 3: q vs. €, for ISO sample subjected to q*™P =45, 50,
55, and 60 kPa.

Figure. 4 shows the effective stress paths of the con-
sidered anisotropic samples under g*™P=50 kPa. While
the inclination of the stress path is rendered as more
contractant for decreasing sedimentation angle, the
number of cycles to reach the lens-shaped loop de-
creases with it. Moreover, an increase in the inclination
of the bedding plane results in a larger area enclosed by
the lens-shaped loop.
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Figure 4: q vs. p’ for ISO, TRO, TR45, and TR90 samples with
the same void ratio (e=0.640) subjected to q*™P = 50 kPa.
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Figure 5 illustrates the variation of q versus axial
shear strain in relation to the influence of inherent ani-
sotropy. The findings indicate that, although the axial
strain amplitude remains nearly constant during cyclic
mobility, it decreases with an increase in the inclination
of the bedding plane.
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Figure 5: q vs. €, for ISO, TRO, TR45, and TR90 samples with
the same void ratio (e=0.640) subjected to q*™P = 45 kPa.
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The development of liquefaction ratio (1;,) as ratio of
excess pore water pressure to initial confining pressure
(r, = U,,/p,) with number of cycles (N) are presented
in Figure 6 for the isotropic samples subjected to vari-
ous q*™P. The results highlight, that simultaneous in-
crease in ™" is accompanied with increase in the rate
of accumulation of excess pore water pressure. How-
ever, the samples which undergo lower q*™P reach
higher amount of 7;, at the end of tests, noted in the dis-
cussion of Figure 2 as well. Figure 7 illustrates r;, with
number of cycles for samples with different initial ani-
sotropy. While the rate of pore water pressure genera-
tion decreases with increasing bedding plane inclina-
tion, it can be concluded that the initial anisotropy
doesn’t affect the final value of 1, for a given q%™P.
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Figure. 6: 1, vs. N for ISO samples subjected to q*™ =45,
50, 55,60, 65, and 70 kPa.

5 MICROSCALE BEHAVIOR

The graphs presented in Figure 8 illustrate how the co-
ordination number changes with the number of cycles
for ISO, TRO, TR45, and TR90. At the initial state, all
assemblies have a similar CN value of approximately
5.48, except TR90. The variation in the initial CN value
for TR90 demonstrates that the arrangement of particles
has an impact on CN, meaning that the same void ratio
does not always lead to the same CN.
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Figure 7: Variation of 1, vs. N for ISO, TRO, TR45, and TR90
samples with the same void ratio (e=0.640) subjected to
q“™ = 50 kPa.

Moreover, it is noticeable that the CN value increases
gradually with increasing N and reaches 3.5 for all as-
semblies by the conclusion of the test. The ISO sample
has the lowest resistance (the lowest N) and the TR90
the highest one. The value of N at the end of tests for
TRO, TR45, and TR90 in comparison with ISO indi-
cates that the initial anisotropy increases the undrained
resistance of granular media under repeated loading.
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Figure 8: Evaluation of CN for ISO, TRO, TR45, and TR90
subjected to q*™P =45 kPa.

Figures 9 and 10 show the variation of the invariant
of fabric tensor of contact orientation (A€) and particle
elongnation (AP) vs. p', respectively. In Figure 9, A for
the ISO sample begins at 0.045 and increases gradually
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until it reaches 0.24 at the end of the test. The amplitude
of A° grows as p’ decreases, while it reaches an attractor
and repeated loops at the end of the test. An examination
of variations in A€ vs. p’ for initially anisotropic assem-
blies reveals that the amplitude of changes in A€ de-
creases with increasing angle of bedding plane orienta-
tion. As A€ increases with decreasing mean stress, it can
be concluded that the anisotropy of contacts increases
for all assemblies, regardless of their initial inherent an-
isotropy.
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Figure 9: A€ vs. p' for 1SO, TRO, TR45, and TR90 samples
with the same void ratio (e=0.640) subjected to q*"P= 45
kPa.

Figure 10 presents the evaluation of invariant of fab-
ric tensor of particle elongation versus effective mean
pressure (AP vs. p"). It can be observed that AP initially
decreases with the relaxation of mean effective stress.
However, after reaching a threshold value of around
p' = 50 kPa, any further reductions in p’ result in sud-
den changes of AP. It can be deduced that samples with
a high value of AP show a decreasing trend of it (TRO
and TR90), whereas samples with comparably low AP
tend to enhance the particle elongation anisotropy ISO
and TR45). Of note, the value of ¢*™P has no signifi-
cant effect on AP and A°.

Figure 11 compares components of fabric tensor of
particle orientation for TRO and TR45 samples under
cyclic loading. The orientation of TRO particles remain
almost constant under cyclic vertical loading, while
TR45 particles gradually reorient themselves to align
similarly to TRO.

6 CONCLUSIONS

In order to explore the macroscopic and microscopic be-
havior of cross anisotropic granular assemblies of elon-
gated particles subjected to shear under undrained con-
stant mean total pressure, a 3D DEM-CFM scheme was

employed. Therefore, samples with a bedding plane an-
gle of 0°,45°, 90° as well as samples with isotropic dis-
tribution of grains have been prepared. After consolida-
tion to a mean effective stress of p’ = 100 kPa, the
samples were subjected to undrained cyclic loading in
triaxial compression with deviatoric stress amplitude of
q™P =45, 50, 55, 60, 65 and 70 kPa. The results indi-
cate, that after a certain number of cycles the accumu-
lated pore water pressure reaches a stable value and thus
the effective stress path repeatedly passes through a cer-
tain lens-shaped loop (attractor). While the rate of pore
water pressure generation decreases with increasing
bedding plane inclination, it can be concluded that the
initial anisotropy doesn’t affect the final value of 7.
Nevertheless, the number of cycles to reach a specific
axial strain accumulation increases with the bedding
plane inclination, resulting in an increased cyclic un-
drained resistance of anisotropic granular media. While
the coordination number indicates to reflect the evolu-
tion of excess pore water pressure, the course of the par-
ticle elongation invariant of fabric tensor seems to re-
flect the evolution of axial strain.
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