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Discrete-element method analysis of initial fabric effects on pre- and
post-liquefaction behavior of sands

J. WEI" and G. WANG*

The initial fabric has great influence on the cyclic behaviours of sands. In this study, numerical
simulations by the discrete-element method (DEM) were conducted to study the effects of the initial
fabric of sands on their cyclic liquefaction resistance and post-liquefaction behaviour. Nine samples
with different initial fabric but the same void ratio were prepared by the pre-shearing method, and then
subjected to 47 cyclic simple shear tests. The DEM simulation demonstrated that samples with higher
degrees of fabric anisotropy have much lower liquefaction resistance compared with an isotropic
sample. By incorporating the initial fabric, a single equation can be used to characterise the
liquefaction resistance of all the prepared samples. On the other hand, post-liquefaction deformation is
not significantly influenced by the initial fabric such that all samples demonstrate similar cyclic

behaviour after liquefaction.
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NOTATION
a, b fitting parameters in the cyclic stress ratio
(CSR)-N relationship
degree of anisotropy
relative density of granular sample
angular distribution function of contact
normal orientations
void ratio of granular sample
fitting parameters in the a—Z relationship
number of loading cycles to liquefaction
total number of inter-particle contacts in
the granular sample
total number of particles in the granular sample
initial confining pressure
coordination number
shear strain
shear-strain amplitude of the Nth cycle in
post-liquefaction stage
frictional coefficients of particles at different steps in the
pre-shearing method
frictional coefficient of particles during undrained
cyclic loading
vertical effective stress
shear stress
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INTRODUCTION

The fabric of sands refers to the arrangement of particles,
particle groups and pore space distribution (Mitchell &
Soga, 2005). It has been found that the fabric may
significantly influence the cyclic behaviour of sands,
especially liquefaction resistance. Different initial fabric of
soil samples can be generated by different sample prep-
aration methods (dry deposition against most tamping) or
different pre-shearing histories (Mulilis ez al., 1977; Vaid
et al., 1989; Ishibashi & Capar, 2003; Yimsiri & Soga, 2010;
Sze & Yang, 2013). Finn et al. (1970) conducted laboratory
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tests and found that the pre-shearing history could signifi-
cantly reduce the liquefaction resistance of sands. Tohno &
Shamoto (1986) observed that once a sand deposit was
liquefied, it may become easier to liquefy again in a smaller
subsequent event, although the sand deposit may densify in
post-liquefaction reconsolidation. The reduced liquefaction
resistance is probably due to the change of fabric by the
pre-shearing histories of seismic loading. Similar obser-
vations have also been confirmed by other researchers
(Nemat-Nasser & Tobita, 1982; Suzuki & Toki, 1984; Oda
et al., 2001; Ye et al., 2015, 2016).

However, it is difficult to quantitatively study the soil
fabric using existing laboratory techniques. On the other
hand, microscopic information on the granular packing can
be easily obtained using the discrete-element method (DEM)
to quantify the soil fabric (Thornton, 2000; Yimsiri & Soga,
2010; Guo & Zhao, 2013; Wei & Wang, 2016). Several recent
studies have proven that DEM is an excellent tool to simulate
the cyclic liquefaction and post-liquefaction process of
sands, including evolution of the particle-void structure
(Wei & Wang, 2014, 2015; Wang & Wei, 2016; Wang et al.,
2016). In this study, nine samples with different initial fabric
but the same void ratio were prepared by the pre-shearing
method in the DEM simulation. Forty-seven cyclic simple
shear tests were conducted on the samples to study the
influence of initial fabric on the cyclic behaviour of the sand,
including liquefaction resistance and shear-strain evolution
in the post-liquefaction stage.

NUMERICAL SIMULATION

Quantification of fabric based on inter-particle contacts
In this study, only fabric due to the anisotropic distribution
of inter-particle contacts is considered. Fabric associated
with particle shape is not considered by using spherical
particles in the simulation. The contact-based fabric can be

quantified using the following second-order fabric tensor
(Oda, 1982; Satake, 1982; Sitharam ez al., 2009)

1S )
k=1
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where n is the contact normal vector and N, is the total
number of inter-particle contacts. E(®) is the angular
distribution function of contact normal orientations
(Jo E(©)d® = 1), which can be approximated using
Fourier series (Ouadfel & Rothenburg, 2001; Sitharam
et al., 2009)

1
E(©) = 5 (1 + aynm) )
where a; is a symmetric second-order tensor that contributes
to the deviatoric part of the fabric tensor, ¢j;, through the
relationship a; = (15/2)¢};. Summation on repeated indices
is implied. The invariant of a; denoted as a, is used to
quantify the anisotropy degree of the fabric tensor

ac = %(“i/’ai/') 3)

On the other hand, the coordination number (Z=2N//N,,
where N, is the total number of particles) is a useful
contact-based fabric, which measures the average number of
contacts per particle. The coordination number has been
verified as having a strong correlation with the microscopic
load-bearing structure in granular packings (Wei & Wang,
2015; Xu et al., 2015; Wang & Wei, 2016; Wang et al., 2016).
In this study, both a. and Z are used as fabric indicators.

Pre-shearing method to prepare samples with

different initial fabric

Discrete-element software, Yade (§milauer et al., 2010), is
applied to perform the numerical simulation. A cubic
sample is generated with a total number of 10 000 spherical
particles under a periodic boundary (O’Sullivan, 2011), as
shown in Fig. 1(a). The radii of the particles range from
0-15 to 0-45 mm according to the grain size distribution
in Fig. 1(b), and the particle density is 2650 kg/m?>.
A simplified Hertz—Mindlin model (Yimsiri & Soga, 2010)
is used to calculate the inter-particle contact forces, with
Young’s modulus of the solid grains set as 70 GPa and
Poisson’s ratio as 0-3.

The pre-shearing method (Yimsiri & Soga, 2010) is
employed in the numerical simulation to generate samples
with different initial fabric but the same void ratio under the
same confining pressure. The sample preparation includes
three steps. In the first step, the sample is isotropically
compressed under a confining pressure po=100 kPa. The
frictional coefficient of the particles is assigned as y;.
The second step is a pre-shearing process to induce fabric

anisotropy. The sample is subjected to drained triaxial
compression, where the horizontal confinement stresses
are maintained at 100 kPa, while the vertical confinement
stress increases until the axial strain reaches 2%. The process
induces anisotropic fabric in the sample, as the contact
normals concentrate along the compression direction
(Yimsiri & Soga, 2010). During the pre-shearing process,
the frictional coefficient of the particles is assigned as .
In the third step, the sample is unloaded to a hydrostatic state
Po=100 kPa, with the frictional coefficient of the particles
remaining at u, during the step. Finally, the prepared sample
is subjected to undrained cyclic simple shear testing to study
the liquefaction process, with the frictional coefficient of the
particles is assigned as ficyc = 0-5.

To ensure that the samples are stable after the change in
the frictional coefficients of the particles in the different
steps, the following relationship needs to be satisfied

My Sy S leye (4)

It is worth mentioning that increasing the frictional
coefficient in these subsequent steps will increase the
frictional resistance among the contacting particles.
Therefore, the load established between the contacting
particles and the fabric will not be affected by changing
the frictional coefficient. Generally speaking, the frictional
coefficient u, controls the anisotropy degree of the fabric
tensor (also the coordination number) in the prepared
samples. Higher fabric anisotropy can be retained in the
prepared sample using a higher value of u, (refer to Table 1).
The value of u; can be found by trial and error such that all
prepared samples have the same void ratio.

Nine samples with different initial fabric are prepared for
cyclic simple shear tests. Sample ISO is an isotropic sample
prepared without pre-shearing. Samples S1-S8 are prepared
by the pre-shearing method using different values of x; and
1> As summarised in Table 1, all the prepared samples have
almost identical void ratios under the confining pressure of
100 kPa. These samples are categorised as medium-dense
sand since the relative density (D,) is around 0-56 (maximum
and minimum void ratios are 0-759 and 0-497, respectively).
In Table 1, the cyclic stress ratio (CSR) is defined as
the cyclic shear stress (r) acting on a horizontal plane
divided by the vertical confinement stress (o1, = 100 kPa),
CSR =1/a}.

Characterisation of initial fabric in different samples
Fabric indicators «. and Z are used to characterise the initial
fabric of these samples, as shown in Fig. 2. Sample ISO has
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Fig. 1. Granular packing in the numerical simulation: (a) three-dimensional granular packing and (b) particle size distribution curve
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Table 1. Different initial fabric of samples and the following loading conditions

Sample 1 1 Void ratio CSR during cyclic loading
ISO — — 0-6115 0-25/0-30/0-35/0-40/0-45
S1 0-138 0-138 0-6114 0-25/0-30/0-35/0-40/0-45
S2 0-167 0-121 0-6112 0-25/0-30/0-35/0-40/0-45
S3 0-203 0-111 0-6118 0-20/0-25/0-30/0-35/0-40/0-45
S4 0-245 0-105 0-6112 0-15/0-20/0-25/0-30/0-35/0-40
S5 0-288 0-103 0-6119 0-10/0-15/0-20/0-25/0-30/0-35
S6 0-309 0-103 0-6119 0-10/0-15/0-20/0-25/0-30
S7 0-365 0-102 0-6112 0-10/0-15/0-20/0-25/0-30
S8 0-500 0-094 0-6114 0-10/0-15/0-20/0-25
04 A 4.0
A toa N o

o’ A o °

g 03 A é 35 | o

2 . 2 ©

2 024 S 30 °

Q. =

o A T o

s E °

2 01 g 2-5 1 o

< . 8

0 , 2:0 ,

ISO S1 S2 S3 S4 S5 S6 S7 S8
(a)

ISO ST S2 S3 S4 S5 S6 S7 S8
(b)

Fig. 2. Fabric indicators: (a) anisotropy degree a; and (b) coordination number Z

the lowest anisotropy degree of initial fabric (a.=0-038) in
Fig. 2(a). a. increases from 0-15 to 0-38 in samples S1-S8 due
to the concentration of the inter-particle contacts along the
compression direction.

Coordination numbers Z of these samples are demon-
strated in Fig. 2(b). Sample ISO has the highest Z of 3-77.
The coordination number gradually decreases from 3-57 to
2-51 in samples S1-S8, which means that the inter-particle
contacts become fewer when the anisotropic degree
increases, even though the samples are under the same
confining pressure. This can also be clearly seen in the force
chain networks shown in Fig. 3. The force chain network in
S8 has a lower density than that in ISO, yet, the large contact
forces become more frequent in S§ compared with that
in ISO.

! 0-30

— 0-20

0-10

(a)

Two more sets of samples with void ratios of 0-65
(D;=0-41) and 0-69 (D, =0-25) are also prepared using the
pre-shearing method and the results are shown in Fig. 4. The
negative correlation between a.and Z can be observed for all
cases.

SIMULATION RESULTS

Liquefaction resistance

Figure 5 shows the stress paths of samples ISO and S6 from
the isotropic stress state po = 100 kPa to initial liquefaction
under undrained cyclic simple shear (D, =0-56, CSR = 0-30).
The initial liquefaction is identified when the vertical
effective stress is practically zero (smaller than 0-5 kPa).
Although the two samples have the same void ratio,

(b)

Fig. 3. Force chain networks of samples in: (a) an isotropic sample ISO and (b) a highly anisotropic sample S8. The magnitudes of
inter-particle normal contact forces are represented by the thickness of the chains and colour
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Fig. 4. Relationship between anisotropy degree a. and coordi-
nation number Z of samples for different void ratios

the number of loading cycles to liquefaction differs dramati-
cally. Sample ISO requires 189 loading cycles to reach the
initial liquefaction, while liquefaction occurs in sample S6
within four loading cycles. It’s obvious that sample ISO
has much higher liquefaction resistance compared with
sample S6.

According to the test program shown in Table 1, a total
number of 47 numerical tests were conducted to study
the influence of initial fabric on liquefaction resistance.
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Wei and Wang

Figure 6(a) shows the CSR required to reach initial
liquefaction against the number of cycles (N) needed.
Sample ISO has the highest liquefaction resistance while
sample S8 has the lowest liquefaction resistance. The
liquefaction resistance curves are almost parallel to each
other on a log N—CSR scale. The simulation results are in
good agreement with the laboratory test results (Suzuki &
Toki, 1984; Oda et al., 2001; Ye et al., 2015) in that the
liquefaction resistance decreases dramatically when the soil
samples were pre-sheared.

For each sample, the CSR required to reach initial
liquefaction (also called cyclic resistance ratio) can be
related to the number of cycles (V) by a power function
(Idriss & Boulanger, 2008):

CSR =aN~? (5)

where @ and b are fitting parameters. From the simulation,
b =0-186 for all samples. The parameter ¢ depends on many
factors, including void ratio, initial fabric, confining pressure
and so on.

For all the prepared samples (with the same void ratio
under the same confining pressure), the parameter a can be
related to the coordination number Z by way of the following
linear relationship

aZkIZ—kz (6)

where k; =0-44 and k,=0-886. Figure 6(b) shows all the
data can be well fitted by this relationship. Note that the
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Fig. 5. Stress path of samples with different initial fabric before initial liquefaction and CSR=0-30 during the cyclic loading:

(@) sample ISO and (b) sample S6
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Fig. 6. (a) The CSR required to reach initial liquefaction against the number of cycles for nine samples (D, = 0-56) and (b) CSR/(k1Z — k»)

against the number of cycles
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Fig. 7. Response of sample ISO in post-liquefaction stage: (a) stress—strain behaviour; (b) stress path and (c) evolution of shear-strain

amplitude with number of cycles in post-liquefaction

above relationship is derived only for samples with D, = 0-56;
however, a similar functional form may be expected for other
densities. In addition, the coordination number Z can be
related to anisotropy degree a. through Fig. 4 for different
densities. Therefore, it is also possible to relate the parameter
a with a, or other fabric indicators.

Post-liquefaction behaviour

After liquefaction, the shear-strain amplitude increases
rapidly with continued cyclic loading. This phenomenon is
called cyclic mobility (Wang & Xie, 2014; Ye & Wang, 2015).
Figure 7 demonstrates the behaviour of sample ISO in
post-liquefaction with the cyclic shear stress =25 kPa
(CSR =0-25). The number of cycles shown in Fig. 7(c) is
counted after the initial liquefaction. The stress path repeats
a ‘butterfly loop’ pattern and the amplitude of the shear
strain increases cycle by cycle. The results are qualitatively
similar to the experimental observations (Zhang & Wang,
2012). To explore the influence of initial fabric on post-
liquefaction behaviour, the evolution of the shear-strain
amplitude yy is considered. As shown in Fig. 7(c), yn
increases from <2% in the first cycle to nearly 35% after 20
loading cycles.

The evolution of yy in the post-liquefaction stage is
summarised in Fig. 8, and is found to be very similar for all
cases. yy increases rapidly in the first ten cycles and the rate
of increase gradually reduces in the subsequent cycles.
A slight difference among these curves can be observed in
the first several cycles in which y, of the sample ISO is lower
than the other samples. With more loading cycles, the
difference gradually diminishes and y of all samples finally

40 7

% %

O T T T T T T T T T T T T T T T T T T T T 1
0o 2 4 6 8 10 12 14 16 18 20 22

Number of cycles in post-liquefaction

Fig. 8. Shear-strain amplitude yy in post-liquefaction loading
cycles for samples with different initial fabric

becomes saturated around 30-35%. Compared with the
significant difference of the sand behaviour before liquefac-
tion (refer to Fig. 5), the post-liquefaction difference is
negligible.

CONCLUSIONS

In this study, the influence of initial fabric on the cyclic
behaviour of sands was explored using DEM simulation.
Samples with different initial fabric but the same void ratio
were prepared by the pre-shearing method. Compared with
an isotropic sample (prepared without pre-shearing),
samples prepared with pre-shearing have higher fabric
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anisotropy, associated with a lower coordination number.
Results from numerical simulation demonstrate the signifi-
cant influence of the initial fabric to the liquefaction
resistance, which decreases dramatically for samples with
higher degrees of anisotropy and lower coordination
numbers. Based on DEM simulation, the number of cycles
to initial liquefaction for all samples can be characterised
using a single equation by incorporating the fabric indi-
cators. On the other hand, all samples demonstrated similar
cyclic behaviour after liquefaction, implying that the
influence of the initial fabric on the post-liquefaction
behaviour is not significant.
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