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Abstract.

The effects of initial soil fabric and aspect ratio (AR) on the small-strain stiffness (Go) of granular soils are studied

by employing discrete element method (DEM) numerical analysis. Elongated clumps composed of subspheres were adopted,
and the Go values were obtained by DEM simulations of drained triaxial tests under different densities and initial confining
pressure (po). The DEM simulations indicate that the initial soil fabric has an insignificant effect on Go. The effect of the AR on
Go is related to the initial density. Namely, for dense specimens, Go first increases with increasing AR, reaching a plateau value
when the AR > 1.5. However, for loose specimens, Go gradually increases as the AR increases. Microscopic examination reveals
that Go uniquely depends on the coordination number of the particles (CN-particle) rather than the subspheres (CN-sphere) at the
particulate level for the effects of initial soil fabric and AR. Finally, Poisson’s ratio vo is also determined by CN-particle. In
addition, based on data in literature and this study, vo can be fitted as vo = 5.920(Go/( po)~%)*%, which can be used to predict vo of

granular soils based on the measured Go.
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1. Introduction

Small-strain stiffness (Go) is a basic soil property that is
important in a variety of geotechnical applications, such as
earthquake site response analyses and liquefaction potential
evaluations. Many studies (e.g., Chuang et al. 1984, Hardin
and Richart 1963, Iwasaki and Tatsuoka 1977, Lo Prresti et
al. 1997) have been conducted to investigate the effects of
various factors on Gy of soils through well-controlled
experiments on sand. It is well recognized that the void
ratio e and the mean effective stress po are the most
important factors influencing Go. Recently, there has been
growing interest in understanding the effects of particle
characteristics on Gy, such as the effects of particle size
(e.g., Patel and Bartake 2008, Wichtmann and
Triantafyllidis 2009, Yang and Gu 2013), gradation (e.g.,
Wichtmann and Triantafyllidis 2009), particle shape (e.g.,
Cho et al. 2006, Liu and Yang 2018) and fines content (e.g.,
Gong et al. 2019a, Goudarzy ef al. 2016, Yang et al. 2018).

Inherent anisotropy (i.e., initial soil fabric), refers to the
initial spatial arrangement of particles, is a common
phenomenon in granular soils. This phenomenon is
generally initiated by the deposition of particles under
gravity, and the long axis of soils tends to align in a specific
direction (Mitchell and Soga 2005). Prior experimental
(e.g., Flitti et al. 2019, Guo 2008, Tong et al. 2014) and
numerical studies (e.g., Fu and Dafalias 2011, Yang et al.
2013) have produced valuable data showing the effect of

*Corresponding author, Ph.D.
E-mail: gj_csu@hotmail.com

Copyright © 2021 Techno-Press, Ltd.
http://www.techno-press.org/?journal=gae&subpage=7

inherent anisotropy on the mechanical behaviours of
granular soils. However, investigations on the effect of
inherent anisotropy on Gy of granular soils are relatively
rare. Furthermore, it appears that there is no consensus
regarding the effect of inherent anisotropy on Gy. For
example, through a group of laboratory tests, Yamashita et
al. (2005) and Li and Zeng (2014) stated that the Gy value
for a specimen prepared at 90° is larger than that for a 0°
deposition angle. However, Yu et al. (2013) and Li et al.
(2014) reported that granular materials with larger
deposition angles had higher liquefaction potential,
suggesting that granular materials with larger deposition
angles may have smaller Gy values. These diverse
conclusions may be attributed to the fact that it is difficult
to isolate the inherent anisotropy effect in the laboratory
tests. For example, Yamashita et al. (2005) prepared two
types of sand with different shapes and particle size
distributions at 90° and 0° deposition angles. As a result, it
was found that the responses of Gy with respect to the
deposition angle were different for these two sands. In this
context, whether the Gy values of granular soils are
dependent on inherent anisotropy remains unclear and
needs to further study.

The discrete element method (DEM for short) proposed
by Cundall and Strack (1979) offers an alternative way to
isolate the inherent anisotropy effect and provides
microscopic information that is not easily available from
laboratory tests. The DEM has previously been
demonstrated to reproduce certain key features of granular
soils and reveal many macroscopic soil behaviours at the
particulate level, such as the shear behaviours of granular
soils (Kumara and Hayano 2016, Gong and Liu 2017, Gong
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Fig. 1 Elongated particles used in the DEM simulations. From left to right, particles have ARs of 1.00, 1.25, 1.50, 1.75, 2.00
and 2.50, and the number of subspheres used to create these various ARs are 1, 5, 6, 7, 9 and 13, respectively

Table 1 Input parameters in the DEM simulations

Parameter Value
Particle density, p 2500 kg/m®
No. of particles 4000
Shear modulus, G 29 GPa
Poisson’s ratio, v 0.15
Friction coefficient between clumps 0.5
Friction coefficient between clump-wall 0.0
Damping constant 0.7

et al. 2019b, Rahman et al. 2018, Qu et al. 2019, Qian et al.
2020) and small-strain properties of sands (Gong et al.
2019a, Gu and Yang 2018, Nguyen et al. 2018).
Alternatively, it is well known that inherent anisotropy is
related to the aspect ratio (AR) of soils (ratio of major to
minor axis), i.e., soils with a high AR tend to lie flat to
minimize their gravitational potential energy. Thus, it is an
interesting issue whether the AR will influence Go of
granular soils at a given inherent anisotropy. Gu et al.
(2017) noted that Gy depends uniquely on a soil’s
mechanical coordination number (CN, i.e., the average
number of contacts per particle). Previous experimental
(e.g., Donev et al. 2004, Donev ef al. 2007) and numerical
studies (e.g., Gong and Liu 2017) indicated that for true and
multisphere ellipsoids, the CN first increases with the AR,
reaching a plateau value when the AR > 1.5. These findings
suggest that the Gy value may first increase with AR and
remain constant when the AR > 1.5. However, Liu and Yang
(2018) found that the Gy values of sands generally increase
with increasing AR, which is inconsistent with the predicted
tendency. The difference may be attributed to the fact that
the ARs of the tested sands in Liu and Yang (2018) were in
a narrow range (i.e., from 1.31 to 1.34). In fact, the ARs of
natural granular soils may be distributed in a wide range.
For example, Altuhafi et al. (2016) measured a database of
25 natural sands and found that the ARs of these sands
range from 1.07 to 1.50. Furthermore, Stahl and Konietzky
(2011) tested two types of gravels and reported that the ARs
of these gravels range from 1.0 to 2.5. To obtain the effect
of the AR on Gy of granular soils, a wide range of AR
should be considered. These needs are the motivation of this
work, wherein we conduct grain-scale modelling using the
DEM. Taking advantage of DEM simulations, the
microstructure information of granular soils can be
conveniently obtained. On this basis, the DEM can capture
how the inherent anisotropy and AR of granular soils affect
the microstructure and thus influence Gy, which constitutes
the main aim of this investigation.

In this study, the effects of inherent anisotropy and AR
of soils on Gy of granular soils are investigated by

conducting DEM analysis of an assembly of multisphere
elongated clumps. DEM specimens with different initial
inherent anisotropy and particle ARs were prepared at two
different densities (dense and loose), and quasi-static
drained triaxial compression tests were simulated. The
discussion focuses on studying the underlying mechanisms
of the effects of inherent anisotropy and AR of particles on
Go of granular soils. Finally, the empirical relationship
between Poisson’s ratio w and Gy is explored, this
relationship can be used to predict iy of granular soils based
on the measured Gp.

2. DEM modelling

The well-recognized DEM program PFCP (Itasca 2014)
was used to perform the numerical simulations. Elongated
particles with different ARs were simulated by multisphere
clumps, as displayed in Fig. 1. The nonlinear Hertz-Mindlin
contact law was used to capture the stress-dependent Go.
The shear modulus and Poisson’s ratio of the subspheres
were set to 29 GPa and 0.15, respectively, which were also
used in previous DEM simulations to investigate the small-
strain properties of granular soils (i.e., Gong ef al. 2019a,
Gu and Yang 2018). To ecliminate the potential effect of
particle size distribution on Go of granular soils, a
monodisperse distribution of particles was used. All
elongated particles had the same volume, equal to the
volume of a sphere with diameter D = 2 mm. All basic
parameters used in this study are listed in Table 1.

The specimens were modelled by the isotropic
compression method. To prepare specimens with different
deposition angles (0°, 15°, 30°, 45°, 60°, 75° and 90°),
particles with an AR = 1.50 and orientation at a given
deposition angle were initially generated within a cube,
with zero contacts and no gravity, as shown in Figs. 2(a)
and 2(b). The cube was modelled using six rigid walls. Each
specimen was limited to 4000 particles considering the
computational cost. This number of particles was consistent
with the similar numbers of spheres used in Gong et al.
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(b)
Fig. 2 Dense specimen generation at 45° deposition angle: (a) initial stage at isometric view, (b) initial stage at view of
negative y-direction and (c) finial stage
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Fig. 3 The probability density of particle orientation of initial dense specimens associated with different deposition angles:
(a) 0°, (b) 15°, () 30°, (d) 45°, (e) 60°, (f) 75° and (g) 90°

(2019a).

All particles

were

subjected

to

isotropic

mean contact force was less than 1073, Then, the restriction

compression with a low strain rate through a servo control
mechanism that acted on the walls. During the initial
isotropic compression, the particle rotation was inhibited
while the ratio of the mean static unbalanced force to the

of particle rotation was removed. The specimens were
compressed to the desired confining pressure po and were
considered to be equilibrated when the ratio of the mean
static unbalanced force to the mean contact force was less
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b
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Fig. 4 The configurations for various ARs: (a) AR=1.0, (b) AR=1.25, (c) AR=1.50, (d) AR=1.75, (¢) AR=2.00 and (f) AR=2.5

than 107, In DEM simulations, low inter-particle friction
coefficient generates dense sample, while high inter-particle
friction coefficient generates loose sample. In this study, the
friction coefficients between particles were set to 0.0 and
0.5 to obtain isotropically dense and loose specimens,
respectively. After equilibration (as shown in Fig. 2(c)), the
specimen were considered to be in the initial specimen
state. Fig. 3 illustrates the probability density of the particle
orientation of initial dense specimens associated with
different deposition angles. The angle indicates the angle
between the particle orientation and the positive x-direction.
For each deposition angle, the initial preferred particle
orientations generally coincide with the deposition angle.
Furthermore, it can be observed that the initial fabric
intensities of the specimens are almost the same. The
particle orientations of loose particles exhibit the same trend
but are not shown here. Alternatively, to prepare specimens
with different ARs, particles with random orientations were
initially generated within a cube, with zero contacts and no
gravity. Then, the isotropic compression method was
conducted until the specimens reached equilibration. The
respective specimen configurations for various ARs are
exhibited in Fig. 4. Note that the initial fabric intensities of
specimens with different deposition angle and ARs are the
same, which excluded the effect of fabric intensities caused
by the particle relocation during formation of fabric soils.
This effect will be investigated in further study.

Following a procedure equivalent to that used in
laboratory experiments Hoque and Tatsuoka (1998), the
initial specimens were subjected to a drained triaxial test.
During the loading, a very small strain increment Ag was

applied, while the lateral stresses were kept constant by
servo control until the shear strain (y = A&i-0.5(Ae+Ag&s))
reached 10, where A& and Ags represent the strain
increments of the two lateral directions, respectively. Then,
Gy and Poisson’s ratio 1y can be calculated as follows:

Aa, /2
G, = —~ (1)
Ty
vp = o2 @
Ag;

where Ao; represents the axial stress increment and Ag;
and Ae; represent the axial and lateral strain increments,
respectively.

3. Results and discussion

In this study, the small-stiffness properties of granular
soils are studied by DEM simulations using elongated
particles, which are different from the spherical particles
used in previous DEM simulations (e.g., Gong et al. 2019a).
Therefore, primarily, it is necessary to validate whether
multisphere elongated particles can capture the stress-
dependent and void ratio-dependent Gy. Fig. 5 shows Gy of
specimens with an AR=1.5 at different confining pressures
and initial void ratios. For comparison, data extracted from
Gu et al. (2017) for spheres are also included. As expected,
in Gu et al. (2017) and this study, Gy increases with
increasing po and decreasing void ratio on a log-log scale.
This finding indicates that our simulations using elongated
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Fig. 5 The small-strain stiffness Go of dense and loose
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can successfully capture the stress-dependent Gy. In
addition, Go can be expressed by a power law of py for
dense and loose specimens (i.e., Go=Ao(po)", where A and n
are two fitting parameters), which is consistent with
previous experimental results (e.g., Chuang et al. 1984,
Hardin and Richart 1963). Alternatively, at a given po, the
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Fig. 8 Relationship between Gy and AR for dense and
loose specimens

Gy values for an AR=1.5 in this study are always greater
than those in Gu et al. (2017) for spheres, and this result is
more obvious for dense specimens. This finding is
attributed to the particle shape effect, which is discussed in
a later section. Fig. 6 illustrates the relationship between Go
and the initial void ratio (eo) at an AR = 1.5 and po = 500
kPa. Different ey values are generated using different u
(ranges from 0.0 to 0.525) during isotropic compression in
this study. The Gy values linearly decrease with respect to
eo, this finding is consistent with previous experimental
(i.e., Goudarzy et al. 2016, Yang and Liu 2016) and
numerical results (i.e., Gong et al. 2019a), indicating that
elongated particles can also successfully capture the void
ratio-dependent Go.

Fig. 7 illustrates Gy of dense and loose specimens versus
the deposition angle at pp = 500 kPa. The Gy values of
random orientation specimens are also included. It is clear
that Gy remains nearly unchanged for various deposition
angles, despite slight fluctuations. In addition, for both
dense and loose specimens, the Gy values of random
orientation specimens approach the Gy values of specimens
at a given deposition angle. These findings indicate that the
Gy values of granular soils are independent of inherent
anisotropy, which is different from the observations in
Yamashita et al. (2005) and Li and Zeng (2014) that the Go
value of a specimen prepared at 90° is larger than that of a
0° deposition angle. These different conclusions may be
related to noise factors, such as the particle distribution size
effect in Yamashita et al. (2005) and Li and Zeng (2014).
Indeed, Wichtmann and Triantafyllidis (2009) and Gu et al.
(2017) reported that at the same confining pressure and void
ratio, the Gy value decreases as the coefficient of uniformity
of the soil increases. Fig. 8 plots the relationship between
Gy and the AR for dense and loose specimens. It can be
observed that Gy exhibits different trends for dense and
loose specimens. Specifically, for dense specimens, Gy first
increases with increasing AR, reaching a plateau value
when the AR > 1.5. However, for loose specimens, Gy
gradually increases as the AR increases. On the other hand,
when the AR increases from 1.0 to 2.5, Gy increases from
96 MPa to 198 MPa for loose specimens and 320 MPa to
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610 MPa for dense specimens, indicating that the increase in
Gy with the AR is more significant in dense specimens.

Conceptually, the stiffness of granular soils depends on
the stiffness of a single contact and the number of contacts.
In this study, using the Hertz-Mindlin contact model, the
stiffness of a single contact is determined by the particle
properties, which are the same for particles with different
deposition angles and ARs. Therefore, it is expected that the
soil stiffness is related to the number of contacts. Gu et al.
(2017) reported that the Gy values of granular soils uniquely
depend on their mechanical CN (i.e., the average number of
contacts per particle). Indeed, when using a multisphere
approach to model nonspherical particles, there are two
different approaches to calculate the CNs. The first
approach is the conventional “particle-particle” approach
(marked as CN-particle), which defines the CN as the
number of contacts between different composite particles
(not between the constituent subspheres) divided by the
number of particles. The other approach is the “sphere-
sphere” approach (marked as CN-sphere), which defines the
CN as the total number of contacts between the subspheres
divided by the number of particles.

Figs. 9(a) and 9(b) illustrate the relationships between
CN and deposition angle and CN and AR, respectively.
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Referring to the inherent anisotropy effect, Fig. 9(a) shows
that CN-particle is nearly unchanged with the deposition
angle for both dense and loose specimens. In addition, CN-
sphere remains constant for loose specimens but shows
great fluctuation for dense specimens. The unchanged CN-
particle is similar to that shown by the relationship between
Gy and deposition angle, as shown in Fig. 7. Referring to
the particle shape effect, Fig. 9(b) shows that CN-sphere
and CN-particle exhibit slightly different trends with the AR
for both dense and loose specimens. That is, when the AR >
1.75, CN-particle remains unchanged, but CN-sphere
increases for dense specimens; both CN-particle and CN-
sphere gradually increase for loose specimens, but the
increase is more obvious for CN-sphere, which is attributed
to the fact that longer particles contain many more
subspheres. Gy and CN-particle with the AR show generally
similar trends for dense and loose specimens, as shown in
Fig. 8 and Fig. 9(b). Therefore, it is believed that the change
in Gy can be explained by the change in CN-particle. Based
on a series of DEM simulations, Gong et al. (2019) and
Magnanimo er al. (2008) reported that Go of granular
materials is a function of the CN.

For a better illustration of the underlying mechanisms of
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the change in Gy, the stress-normalized shear modulus
Go/(po)"? is plotted versus CN-particle and CN-sphere in
Figs. 10(a) and 10(b), respectively. For comparison, the
published data in Gong et al. (2019) for gap-graded soils
using spheres are included in Fig. 10(a). It is clear that
Go/(po)"? can be fitted by linear functions of CN-particle

and CN-sphere, expressed as y = 17.433x-60.468 and y =
8.110x-26.989, respectively. In addition, the R? value of the
fitted line for CN-particle (= 0.9721) is greater than that for
CN-sphere (=0.8988), indicating that CN-particle provides
a better linear relationship with Go/(po)"® than CN-sphere.
The linear relationship convincingly suggests that the
effects of inherent anisotropy and particle shape on Gy of
granular soils are mainly related to CN-particle at the
particle level. Furthermore, the fitted line for CN-particle in
this study is close to that in Gong et al. (2019), indicating
that the dependence of Gy on CN-particle is also applicable
to gap-graded granular soils. Superellipsoids are defined as
(x/a)y™+(y/by™ +(z/c)™=1, where a, b and ¢ are the semi-
major axis lengths and m is the shape parameter. In this
study, only prolate ellipsoids (i.e., a > b = ¢, m = 2) are
considered. Fig. 11 displays the CN-particle values of
oblate and prolate superellipsoids extracted from literature
(i.e., Donev, et al. 2004, Zhao et al. 2017, Zhou et al. 2011,
Delaney and Cleary 2010), with the aim to systematically
predict the variation trend of Gy with respect to the AR. As
the AR increases from 1.0 for m = 2 in the literature and
this study, CN-particle increases to a peak and then remains
at a steady value for further increases in the AR. However,
for m = 3, 4 and 5, CN-particle gradually increases with
increasing AR. Alternatively, as the AR decreases from 1.0
for all cases of m in the literature and this study, CN-
particle increases to a peak and then slowly decreases.
Based on the linear relationship between Gy and CN-
particle mentioned above, it is reasonable to infer that Go
will exhibit the same trend as the AR, as shown in Fig. 11.
Fig. 12 presents the variation in Poisson’s ratio v with
CN-particle for dense and loose granular soils in this study.
Note that Fig. 12 includes different ARs (i.e., 1.00, 1.25,
1.50, 1.75, 2.00 and 2.50) and deposition angles (i.e., 0°,
15°, 30°, 45°, 60°, 75° and 90°). It is clear that w gradually
decreases with CN-particle. In addition, there is a unique
power function fitting v and CN-particle for all specimens,
ie., y = 14.929x27°, This finding indicates that v also
depends on CN-particle. Considering that both Gy and w
are determined by CN-particle, the w values of the
specimens are plotted versus Go/(po)" in Fig. 13. Note that
Fig. 13 also includes different ARs (i.e., 1.00, 1.25, 1.50,
1.75, 2.00 and 2.50) and deposition angles (i.e., 0°, 15°,
30°, 45°, 60°, 75° and 90°). For comparison, the measured
data of Toyoura sands (i.e., Kokusho et al. 1980, Kumar and
Madhusudhan 2010, Yang and Gu 2013) and DEM
simulations using spheres (i.e., Gu and Yang 2018) are also
superimposed. The relationship between vo and Go/(po)'? is
nearly the same in this study and literature. As Go/(po)"?
increases, v exponentially decreases. The fitted line of the
measured data in the laboratory tests and DEM simulations
is y = 5.920x%%. In practice, this relationship can be used to
predict 1p of granular soils based on the measured Gy.

4, Conclusions
In this study, the effects of initial soil fabric and AR on

the small-strain stiffness (Gy) of granular soils were
investigated by DEM simulations. Elongated clumps
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composed of subspheres were adopted, and the Gy values
were obtained by numerical drained triaxial tests. The main
findings of this study are summarized below:

(1) The verification tests show that Gy increases with
increasing po and linearly decreasing void ratio on a log-log
scale, and this result is consistent with previous
experimental and numerical studies. This finding indicates
that a clump composed of subspheres can successfully
capture the stress-dependent and void ratio-dependent Go.

(2) The DEM simulations indicate that the initial soil
fabric has an insignificant effect on Gy. In addition, the
effect of the AR on Gy is related to the initial density.
Specifically, Gy first increases with increasing AR, reaching
a plateau value when the AR > 1.5 for dense specimens.
However, Gy continuously increases as the AR increases for
loose specimens. Microscopic analysis reveals that Gy
uniquely depends on the coordination number of the
particles (CN-particle) rather than the subspheres (CN-
sphere) at the particulate level.

(3) The DEM simulations show that Poisson’s ratio 1y is
also determined by CN-particle. In addition, based on data
in the literature and this study, it is found that 1 can be
fitted as vo = 5.920(Go/(po)"3)%°. This expression is useful
and can be applied to predict 1o of granular soils based on
the measured Go.
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