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ABSTRACT: The Discrete Element Method (DEM) is a powerful tool to study micromechanical mechanisms underlying the behaviour 
of sands. Recent DEM studies have showed that the micromechanical structure of sand with fines varies based on its fine content, 
density, and shear history. The effect of drained, monotonic triaxial compression on the micromechanical structure of sand containing 
fines has been well-studied; however, the effect of undrained, cyclic triaxial shear, which may cause liquefaction, has not been fully 
investigated. This study particularly investigates the micromechanical structure evolution during an undrained, cyclic triaxial shear 
while varying the fines content and a relationship between the micromechanical structure change and the liquefaction resistance are 
discussed. 
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1 INTRODUCTION 

On 1 Jan 2024, a huge earthquake, Noto earthquake, struck the 
Noto Peninsula in Japan. Some early surveys reported that the 
evidence of severe liquefaction caused by the earthquake (lateral 
flow, the uplift of the buried structure and sand boils) was widely 
observed in/near the Noto Peninsula. Together with previous major 
earthquakes (1995 Great Hanshin Earthquake, 2011 Great East 
Earthquake, 2011 Christchurch Earthquake etc.), this tragic event 
highlighted that the better and more universal understanding of the 
liquefaction potential of various soils is required.   

The traditional soil mechanics has been attributing mainly the 
density of sands to the liquefaction resistance; however, later 
studies have shown that several other factors affecting the 
liquefaction resistance of the sands e.g. sample preparation method 
(Mulilis et al., 1977), shear history (Ishihara and Okada, 1978). 
These studies have motivated studies of “micro-mechanical” 
characteristics of the sands, which cannot be expressed only by the 
void ratio, and their impact on the liquefaction resistance; recently, 
thanks to the evolution of the computer technology, Discrete 
Element Method (DEM) originally proposed by Cundall and 
Strack (1979) is becoming a powerful tool to investigate insights 
into such micro-mechanical characteristics of sands. 

Several experimental studies have been shown that non-plastic 
fines content is another important factor determining the 
liquefaction resistance in addition to the fore-mentioned factors. 
Hwang et al. (1993) and Sato et al. (1997) conducted undrained 
cyclic triaxial tests of medium dense (Dr = 50 – 70%) sand-silt 
mixtures with varying fines contents (fc). Both studies showed that 
for 10% < fc < 30%, the liquefaction resistance decreases as the fc 
value increases for the same Dr value. Carraro et al. (2003) 
conducted a similar triaxial test study but considering a wide range 
of Dr for fc = 0, 5, 10, 15%. They reported that the liquefaction 
resistance was higher for fc = 5%, 10%, 0%, 15% in the order for a 
similar relative density; however, comparing between the samples 
with the same void ratio, the liquefaction resistance is lower for a 
higher fc value. These studies highlighted that the traditional 
density indices cannot be used to predict the liquefaction resistance 
of sands with fines. Polito and Martin II (2001) used a concept of 
sand skeleton void ratio, which is a void ratio calculated 

considering fines as void, to analyse their undrained cyclic triaxial 
test results and reported that the liquefaction resistance is similar 
for the samples with a similar skeleton void ratio for 0 < fc < 35%. 
However, some other studies (e.g. Papadopoulou & Tika, 2008) 
reported that the skeleton void ratio cannot be related to the 
liquefaction resistance as perfectly as Martin and Polito II (2001) 
showed. A better “modified” void ratio is necessary to predict the 
liquefaction resistance of sand with fines. 

The concept of the skeleton void ratio used by Martin and Polito 
II (2001) was derived from the idea that for sand with small number 
of fines, stresses are transmitted only by sand grains (Mitchell, 
1976). However, it is almost impossible to measure stresses in each 
sand and fine particle in laboratories, which hinders the proposal 
of a new density index. The DEM, mentioned above, may fill the 
research gap. In the DEM, all the contact force information can be 
accessed, and thus it is possible to identify floating particles in a 
virtual specimen. For example, Liu et al. (2021) analysed the stress 
transmission in isotropically compressed samples with a variety of 
particle size distributions. They reported that up to fc = 20%, almost 
all the fines are not transmitting stresses regardless of void ratio 
values and for fc > 35%, both fines and sand grains are participating 
in the stress transmission. Sufian et al. (2021) applied monotonic 
triaxial loading on isotropically compressed samples with a variety 
of fc values and showed that the stress-transmission behaviour 
changes as the axial strain increases. 

Motivated by these studies, this study aims to assess the 
relationship between the stress transmission profile and the 
liquefaction resistance in DEM samples with varied fc values. 
Three types of fc values (0%, 15%, and 30%) are considered and 
the maximum and minimum void ratios (emax and emin) are 
measured for each fc value. DEM samples are isotropically 
compressed towards a target relative density and later subjected to 
constant-volume cyclic triaxial loading. Relationships between the 
micro-mechanical state and the liquefaction resistance are analysed 
using the DEM simulation data. 
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2 METHODS 

This section summarises DEM parameters and simulation 
procedures. This study used a modified version of LAMMPS 
(Plimpton, 1995), an open-source Molecular Dynamics software. 
This modified version of LAMMPS has servo-control (i.e. stress-
control) and volume-control algorithms, which are essential to 
achieve the same stress state as in laboratory triaxial tests. Only 
spherical particles were considered in this study. 
 

2.1 DEM simulation parameters 

This study employed a simplified Hertz-Mindlin contact model 
originally proposed by Hertz (1882) and Mindlin (1949) and later 
simplified by Tsuji et al. (1992). For contact model parameters, a 
particle shear modulus of 32 GPa, a particle Poisson’s ratio of 0.22, 
and a particle-particle friction coefficient () of 0.30 were used, 
while different  values were used during the isotropic 
compression (will be discussed later). The particle densities () of 
the fine and coarse particles were both 2600 kg/m3. 

To study the effect of fines contents on the liquefaction 
resistance, the particle size distribution (PSD) was varied as shown 
in Figure 1. The ratio of the mean particle diameters of the coarse 
grains to the fine grains was set to be 8, which is somewhat similar 
to that of the mixture of the silica sand No. 7 and DL clay. Three 
types of fc values, namely fc = 0%, 15%, and 30%, were considered. 

 

 
Figure 1. Particle size distribution considered in this study. The x-axis is 
normalized by the mean particle diameter of fines (Df

50). 

 

2.2 DEM simulation procedures 

2.2.1   Initial sample generation 
In order to obtain homogeneous samples, particle generation using 
random numbers was employed. First, a cubic domain enclosed by 
periodic boundaries for all the x, y, and z-directions was 
considered. The initial length of the cubic domain was chosen for 
each PSD so that a sufficient number of particles to ensure the 
reproducibility could be accommodated in the domain (7375 
particles for fc = 0%; 50287 particles for fc = 15%; 99926 particles 
for fc = 30%). After the cubic domain was determined, an array of 

particles was generated based on the specified PSD and the initial 
target void ratio (2.0 in this study). Once the array of the particles 
was obtained, the particles were randomly placed to the domain 
one by one and distances between the newly placed particle and the 
previously placed particles were examined. If there was any 
overlap, other random numbers were generated until there is no 
overlap between any pair of particles. If no overlap was detected, 
the particle was removed from the array. This procedure was 
repeated until the array became empty. 

2.2.2   Isotropic compression 
The particle randomly generated following the procedure stated in 
the previous section was subjected to isotropic compression. This 
study considered a target isotropic stress of 100 kPa for all the 
samples. To vary the void ratio of the samples,  values were 
artificially varied between 0.001 and 0.30 while the material 
friction coefficient was considered to be 0.30. The periodic 
boundary positions were gradually moved to compress the sample 
while keeping the stress state isotropic using the servo-control 
algorithm. After achieving the target isotropic stress of 100 kPa, 
the simulation was continued keeping the stress state until the 
coordination number became stable.    
   In this study, the void ratio (e) value obtained using a  value 
of 0.001 was defined as the minimum void ratio (emin) and the e 
value obtained with a  value of 0.30 was defined as the maximum 
void ratio (emax) following Morimoto et al. (2021). The relative 
density (Dr) value was calculated based on the obtained emin and 
emax values for each PSD. 

2.2.3   Constant-volume cyclic triaxial shear 
After the isotropic compression, constant-volume cyclic triaxial 
loading with a variety of cyclic deviatoric stresses (qcyc) was 
applied to selected samples (Dr = 50% samples for fc = 0, 15, 30%; 
and Dr = 0% sample for fc = 30%). During the constant-volume 
cyclic triaxial shear, the samples were sheared at a constant axial 
strain rate of 5%/s. The inertial number 𝐼 = 𝜀𝑎𝑑𝑚𝑎𝑥(𝜌/𝑝)1/2̇ , 
where 𝑑𝑚𝑎𝑥 is the maximum particle diameter, was 7.1×10-5 at 
the initial stage of the shearing (p =100 kPa). As the mean effective 
stress gradually decreased during the constant-volume cyclic shear 
and eventually reached 0 kPa i.e. 𝐼 → ∞, the shear regime became 
the dynamic regime at some point during the shear; however, even 
at a low effective stress of p = 1 kPa, the inertial number was 
7.1× 10-4, which was the quasi-static shear regime (I < 10-3 
according to da Cruz et al. (2005)). The qcyc values were chosen for 
each sample so that the liquefaction state was achieved within 100 
cycles. In this study, the “liquefaction state” was defined as the 
state where a double amplitude axial strain of 5% (aDA = 5%) was 
achieved following cyclic triaxial experimental studies. 
   There was another simulation case considered for the sample 
with fc = 15% and Dr = 50%. In this case, the fine particles in the 
sample were all removed before the constant-volume cyclic triaxial 
loading. The intent of this procedure will be explained later. 
   In this study, the pore water was not simulated and the 
undrained condition in the laboratory triaxial experiment was 
approximated by applying the constant-volume condition. The 
validity of this approximation has been discussed in Morimoto et 
al. (2021). 
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3 RESULTS 

3.1 Initial particle stress state and density indices 

As discussed in Introduction, it is important to elaborate the 
density index to evaluate the liquefaction resistance of sands 
containing fines. To examine the stress transmission property in 
the samples, the mean stress in individual particles is calculated in 
the following procedure. Under the quasi-static regime, the stress 
tensor in particle p (𝜎𝑖𝑗(𝑝)) can be approximated as  

 𝜎𝑖𝑗(𝑝) = 1𝑉(𝑝)∑ 𝑓𝑖(𝑐)𝑟𝑗(𝑐)𝑁𝑐(𝑝)𝑐=1  (1) 

 
 
where 𝑉(𝑝) is the volume of particle p, 𝑁𝑐(𝑝) is the number of 
contacts particle p has, 𝑓(𝑐) and 𝑟(𝑐) are the contact force vector 
at contact c and vector pointing to the centre of particle p from 
contact point c. After calculating the particle stress tensor (𝜎𝑖𝑗(𝑝)), 
the mean particle stress p(p) can be calculated as 

 𝑝(𝑝) = 𝜎𝑖𝑖(𝑝)3  (2) 

 
   The particle arrangement in the sample with fc = 0% and Dr = 
50% was visualised with the calculated particle stress in Figure 2. 
Fig. 2 indicates that there is a certain heterogeneity in the mean 
particle stress while the number of floating particles (p(p) = 0) is not 
significant. The sample with fc = 15% and Dr = 50% was visualised 
in a similar manner in Figure 3. In Figure 3, it is apparent that a 
remarkable number of the fine particles are floating between coarse 
(sand) particles; later data analysis confirmed that no fine particles 
are transmitting stresses. Figure 4 shows the sample with fc = 30% 
and Dr = 50%. In this sample, on the other hand, a majority of fine 
particles are transmitting stresses. 
   The traditional sand skeleton void ratio (Mitchell, 1976), esk, 
can be calculated as 
 

   𝑒𝑠𝑘 = 𝑒+𝑓𝑐1−𝑓𝑐 (3) 

 
when the specific gravities of fine and sand particles are the same. 
As the particle stress can be exactly calculated in the above-
mentioned manner in the DEM, it is possible to calculate 
“skeleton” void ratio in a more rigorous way. Otsubo (2016) 
proposed mechanical void ratio e*, which considers floating (or 
inactive) particles as void. e* is calculated as 
 

   𝑒∗ = 𝑉𝑣+𝑉𝑠,𝑖𝑛𝑎𝑐𝑡𝑖𝑣𝑒𝑉𝑠,𝑎𝑐𝑡𝑖𝑣𝑒  (4) 

 
where Vv, Vs,inactive, and Vs,active are the volumes of the void, inactive 
particles, and active particles. The DEM samples considered in this 
study are summarised in Table 1 with their density indices. 
 
 
 
 
 
 
 

Table 1. DEM samples considered in this study. The 6-th entry indicates 
the case where fine particles in the sample with fc = 15% and Dr = 50% 
were deleted. The samples marked with † were subjected to constant-
volume cyclic triaxial shear. 

fc Dr e esk e* 

0% 0% 0.709 0.709 0.870 

0%† 50.3% 0.629 0.629 0.684 

0% 100% 0.550 0.550 0.579 

15% 0% 0.467 0.726 0.898 

15%† 50.8% 0.399 0.646 0.725 

15%→0%† N/A 0.646 0.646 0.725 

15% 100% 0.333 0.568 0.591 

30%† 0% 0.270 0.814 0.972 

30%† 50.9% 0.256 0.794 0.278 

30% 100% 0.242 0.775 0.258 

 
 

 
Figure 2. Particle arrangement in the sample with fc = 0% and Dr = 50%. 
The colour of each particle indicates the mean particle stress in the particle. 
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Figure 3. Particle arrangement in the sample with fc = 15% and Dr = 50%. 
The colour of each particle indicates the mean particle stress in the particle. 

 
 

Figure 4. Particle arrangement in the sample with fc = 30% and Dr = 50%. 
The colour of each particle indicates the mean particle stress in the particle. 

 

In addition to the density indices, the mean coordination 
number, Z, was calculated for each sample. Z is defined as the mean 
contact number per particle, which can be calculated by 

 

𝑍 = 2𝑁𝑐𝑜𝑛/𝑁𝑝 (5) 
 
, where Ncon and Np are the numbers of the contacts and the particles 
in the sample. The mechanical coordination number, Z*, is also a 
useful indicator of the micromechanical structure of soil samples. 
Z* was calculated as 
 𝑍∗ = 2(𝑁𝑐𝑜𝑛 − 𝑁𝑝(𝑧=1))/(𝑁𝑝 −𝑁𝑝(𝑧=0) − 𝑁𝑝(𝑧=1)) (6) 
 
, where 𝑁𝑝(𝑧=0)  and 𝑁𝑝(𝑧=1)  are the number of the particles 
which have zero contact and only one contact, respectively 
(Thornton, 2000).   

The initial Z and Z* values of all samples are shown with their 
Dr and e* values in Table 2. The samples with fc = 15% had a very 
low Z value because most of the fine particles in the samples had 
no contact, which resulted in a very low Ncon value compared to the 
Np value. This effect can be corrected by using Z* instead of Z and 
the Z* values of the samples with fc = 15% are comparable to the 
other samples as shown in Table 2. Z* had a good correlation with 
Dr or e* as can be seen in Dr.   
 
Table 2. The coordination number Z and the mechanical coordination 
number Z* values of DEM samples considered in this study.  

fc Dr e* Z Z* 

0% 0% 0.870 4.38 4.81 

0%† 50.3% 0.684 5.39 5.58 

0% 100% 0.579 6.02 6.14 

15% 0% 0.898 0.048 4.69 

15%† 50.8% 0.725 0.057 5.48 

15%→0%† N/A 0.725 5.48 5.48 

15% 100% 0.591 0.068 6.00 

30%† 0% 0.972 0.037 4.03 

30%† 50.9% 0.278 5.42 5.77 

30% 100% 0.258 5.82 6.09 
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3.2 Liquefaction resistance at a constant Dr value 

Figure 5 shows liquefaction resistance curves at a constant Dr 
value of 50% for fc = 0%, 15%, 30%. The cyclic stress ratio R was 
defined as the ratio of qcyc to 2c, where c is the initial confining 
stress (100 kPa in this study). As mentioned before, aDA = 5% was 
used as the liquefaction threshold, and the x-axis of Figure 5 is the 
number of cycles required to reach the liquefaction state (denoted 
as Nc(DA=5%)). For fc = 30% and Dr = 50%, the liquefaction state 
was not achieved within 100 cycles even though a relatively large 
qcyc value of 60 kPa (R = 0.30) is applied. The remaining two 
samples, fc = 0% and fc = 15% namely, two R values for each were 
found with which the sample liquefied within 100 cycles. 

 
Figure 5. Liquefaction resistance curves for Dr = 50% samples. 

 

   According to Figure 5, for the same Dr value, the liquefaction 
resistance of the sample with fc = 15% was lower than that of the 
sample with fc = 0%. This observation is in line with the previous 
laboratory experimental studies (Hwang et al., 1993; Sato et al, 
1997). However, the DEM sample with fc = 30% had very high 
liquefaction resistance, which does not agree with the above 
studies. This might be attributed to the difference in particle shapes 
of the laboratory tests and the simulations, while a future study is 
required to prove this. 

 

3.3 fc = 15%: Role of fine particles 

This section discusses the relationship between the initial particle 
stress state and the liquefaction resistance of the sample with fc = 
15% and Dr = 50% in more details. As discussed in the previous 
section, the liquefaction resistance of the sample with fc = 15% and 
Dr = 50% was lower than that of the sample with fc = 0% and Dr 
= 50% even though the void ratio of fc = 15% sample (e = 0.399) 
is much lower than that of fc = 0% (e = 0.629). This can be 
explained by higher esk (esk = 0.646) and e* values (e* = 0.725) of 
fc = 15% sample than those of fc = 0% sample (esk = 0.629 and e* = 
0.684). However, one may point out that the liquefaction is large 
deformation behaviour and analysing the initial state would not be 
sufficient to predict the liquefaction resistance. 
   To clarify this point, the contact information during the 
constant-volume cyclic loading was analysed. There were two 
particle types (coarse and fine particles) so three contact types can 
be defined; coarse-coarse (C-C) contact, coarse-fine (C-F) contact, 
and fine-fine (F-F) contact. The snapshot of the sample was taken 

whenever q = 0, 40, or -40 kPa was achieved and the contact type 
was classified for each contact in each snapshot of the sample. 
   Some selected data are summarised in Table 2. Almost no 
contacts including fine particles were observed at an early stage of 
the constant-volume cyclic triaxial shear. While the number of C-
F and F-F contacts slightly increased towards the liquefaction state, 
the number was not significant; for example, they accounted for 
around 2% of the total number of contacts at 19th cycle. This 
analysis indicates that the fine particles do not significantly affect 
the stress transmission in the sample even considering the whole 
cyclic shear process. 

 

Table 3. Number of C-C contacts, C-F contacts, and F-F contacts (NC-C, NC-

F, NF-F) in the sample with fc = 15% and Dr = 50% during the constant-
volume cyclic shear with qcyc = 40 kPa. 

Ncyc 
p 

[kPa] 

q 

[kPa] 

NC-C NC-F NF-F 

5 95.0 0.0 1401 2 0 

5 95.9 40.0 1388 1 0 

5 94.2 0.0 1393 0 3 

5 95.9 -40.0 1376 0 0 

15 75.8 0.0 1331 2 3 

15 78.0 40.0 1303 3 3 

   15 74.0 0.0 1314 1 3 

   15 79.6 -40.0 1279 2 4 

19 25.3 0.0 1143 1 7 

19 57.5 40.0 1215 13 2 

19 6.9 0.0 1121 14 6 

19 61.1 -40.0 1178 20 4 

 
 

   To examine if the presence of the fine particles does not affect 
the liquefaction resistance of the sample with fc = 15% and Dr = 
50%, another sample was created by deleting all the fine particles 
in the sample with fc = 15% and Dr = 50%. This new sample had 
the same esk and e* values as the sample before deleting fines but a 
different e value, as summarised in Table 1. This artificial sample 
was subjected to the constant-volume cyclic shear with qcyc = 40 
kPa and the stress path during the cyclic shear was compared to 
that for the original sample in Figure 6. As shown in Figure 6, 
during the first cycle somewhat similar behaviour was observed for 
both samples. However, the sample without fines showed a quicker 
drop of the effective stress than the sample with fines, which was 
obvious at 10th cycle. 16th cycle of the sample with fines and 18th 
cycle of the sample without fines showed a somewhat similar q-p 
path as can be seen in Figure 6. The Nc(DA=5%) value for the sample 
with fines was 20.6 while the Nc(DA=5%) value for the sample 
without fines was 17.5. Considering the above results, the fine 
particles affected the liquefaction resistance to some extent even 
though initially they did not contribute the structure of the sample. 
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However, the difference between the two samples was minor, 
which justifies using the skeleton void ratio to examine the 
liquefaction resistance of a medium-dense sample with fc = 15%. 

 

 
Figure 6. Stress paths of the sample with fines (fc = 15% and Dr = 50%) 
and without fines.  

 

3.4 fc = 30%: “Threshold” void ratio value.  

This section gives a more detailed discussion regarding the 
liquefaction resistance of the sample with fc = 30%. As shown in 
section 3.2, the liquefaction resistance of the sample with fc = 30% 
and Dr = 50% was much higher than those of the samples with fc 
= 0% or 15% and the same relative density. Figure 4 and Table 1 
show that most of the fine particles in this sample were transmitting 
the stresses and thus the e* value was very low, 0.278, in contrast 
to the sample with fc = 15%. The significantly low e* value may be 
attributed to the significantly high liquefaction resistance of the 
sample with fc = 30% and Dr = 50%. On the other hand, the esk 
value (0.794) of the sample was higher than that of the sample with 
fc = 0% or 15% and the same Dr value. This result implies that e* 
is a better indicator for the liquefaction resistance than esk.  
   Another interesting observation is that the sample with fc = 30% 
and Dr = 0% had a very high e* value compared to those with the 
same fc value but Dr = 50% although the difference in the 
traditional void ratios of two samples were very small (0.270 and 
0.256). Figure 7 shows the sample with fc = 30% and Dr = 0% with 
mean particle stress information. In Figure 7, it is noticeable that 
most of the fine particles were inactive in the sample, which is 
similar to Figure 3 (fc = 15% and Dr = 50%) rather than Figure 4 
(fc = 30% and Dr = 50%). It is interesting as such a “transition” of 
the stress transmission state occurred drastically within a small 
change of the void ratio value.  
   Figure 8 compares the stress paths of the sample with Dr = 50% 
and the sample with Dr = 0% during the constant-volume cyclic 
triaxial shear at qcyc = 30 kPa. The Dr = 0% sample showed 
extremely compressive behaviour compared to the Dr = 50% 
sample. This result shows that such a drastic shift in the stress 
transmission state for fc = 30% samples actually affects the 
liquefaction resistance significantly while the e and esk values of 
the samples were similar. The results in this section indicate that 
there is a “threshold” void ratio for sand-fine mixtures with fc = 
30%, where the stress transmission state and the liquefaction 
resistance dramatically change. e* can successfully capture such a 
transition while e and esk are quite insensitive to this change. One 

may think that e* is not measurable in-situ or in laboratories; 
however, recent studies (Liu et al., 2022) found that e* of a soil has 
a good correlation to the modulus of the soil, which implies that 
there might be a way indirectly estimating the e* value of a soil. 

 

 

 

Figure 7. Particle arrangement in the sample with fc = 30% and Dr = 0%. 
The colour of each particle indicates the mean particle stress in the particle. 

 

 

 

Figure 8. Stress paths of the sample with fc = 30% and Dr = 50% and the 
sample with fc = 30% and Dr = 0% during the constant-volume cyclic 
triaxial shear at qcyc = 30 kPa. 
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3.5. Evolution of micromechanical parameters during cyclic shear.  

This section reports the evolution of micromechanical parameters 
during cyclic shear for samples with a variety of fc values. As 
introduced in Section 3.1, the mean coordination number Z is a 
useful parameter to describe the internal structure of granular 
packings. Figure 9 shows the evolution of the coordination number 
during the cyclic shear against the mean effective stress value. As 
shown in Table 2, the Z value depends on the fine contents; thus, 
in Fig. 9, the Z value during the cyclic shear was normalised by the 
initial Z value (Z0). Interestingly, Z/Z0 – p relationships for the 
samples were similar. 

The contribution of the coarse particles on the mean effective 
stress is plotted against the mean effective stress for fc = 15% and 
fc=30% samples in Figure 10. As shown in Fig. 10, most of the 
stress was transmitted by the coarse particles in the sample with fc 
= 15% throughout the cyclic shear. In fc=30% sample, approx. 70% 
of the stress was supported by the coarse particles. 

 
Figure 9. Relationships between Z normalised by the initial Z value (Z0) and 
the mean effective stress p for a variety of fc values with the similar relative 
density of approx. 50%. The sample with fc = 30% did not reach the 
liquefied state. 

 
Figure 10. Contribution of coarse particles on mean effective stress during 
cyclic shear in the samples with fc = 15% and 30% (for both samples the 

Dr value was approx. 50%). Only one plot is shown for fc = 30% as the p 
value did not change much during the cyclic shear. 

 

4 CONCLUSIONS 

This study conducted a set of DEM simulations of constant-volume 
cyclic triaxial shear on sand particles with non-plastic fines to 
enhance the liquefaction resistance assessment of gap-graded soils. 
Four density indices are considered in this study; relative density 
(Dr), void ratio (e), skeleton void ratio (esk), and mechanical void 
ratio (e*). 
   For the sample with fc = 15% and Dr = 50%, lower liquefaction 
resistance was obtained compared to the sample with fc = 0% and 
Dr = 50%. The particle stress analysis proved that all the fine 
particles in the sample with fc = 15% and Dr = 50% were inactive, 
and contact-scale analysis during the cyclic shear showed that the 
effect of the fine particles during the cyclic shear was not 
significant. This result justifies the use of esk to assess the 
liquefaction resistance of medium-dense samples with fc = 15%. 
   On the other hand, the sample with fc = 30% and Dr = 50%, 
which exhibited significantly high liquefaction resistance, had a 
higher esk value than those of the sample with fc = 0% and 15%. 
The constant volume cyclic shear was also conducted on the 
sample with fc = 30% and Dr = 0%, and significantly low 
liquefaction resistance was obtained while the e and esk values were 
almost the same as the sample with fc = 30% and Dr = 50%. 
However, the e* value successfully captures the difference between 
the two samples; the e* value was very low for fc = 30% and Dr = 
50% and high for fc = 30% and Dr = 0%. This result indicates that 
the mechanical void ratio is a better index than the void ratio or the 
skeleton void ratio for predicting the liquefaction resistance of sand 
with non-plastic fines. 
   Further studies will be required to examine that the above 
observation is universally applicable for gap-graded soils. 
Additional simulations varying the relative density values, the 
fines content, the size ratios, the particle shapes will be conducted 
in a future. 
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