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1. Introduction 
 

Deformation of foundation layers under cyclic traffic 
loads is an important parameter for evaluating pavement 
performance. The resilient modulus, which is the ratio of 
the repeated deviator stress to the axial strain, is widely 
used to evaluate foundation deformation. It is affected by 
factors such as deviator stress, confining stress, density, and 
suction (Lekarp et al. 2000). Changes in suction due to 
seepage from the pavement surface or rising groundwater 
level affect the resilience modulus. Edil and Motan (1979) 
and Yang et al. (2008) reported that the resilient modulus 
increases and decreases in the low and high suction range 
respectively, because suction increases the effective stress 
of the specimen. In addition, the relationship between 
suction and resilient modulus can be reasonably predicted 
by considering the moisture regime, which refers to the 
volumetric water content or degree of saturation (Han et al. 
2016). Suction stress can be derived from suction and 
effective saturation and is used to predict shear strength in 
unsaturated soil mechanics (Karube et al. 1986). Thus, the 
suction stress can be used to predict resilient modulus, but 
the relationship between suction stress and resilient 
modulus is still not properly understood. 

Various tests can be used to evaluate the effect of 
suction on the resilient modulus with the filter paper, axis-
translation method, and vapor pressure methods. The  
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commonly used filter paper method measures suction after 
the test (Zhang et al. 2019). The filter paper method is 
simple but highly user-dependent and unreliable (Ng and 
Menzies 2014). The axis-translation method can control 
suction, but it is unsuitable for applications involving high 
suction due to the limitation of high air entry in the ceramic 
disk (Salour et al. 2014). To solve these problems, Banerjee 
et al. (2020) proposed a vapor pressure method that can 
control suction up to 500 MPa. However, this method takes 
2 weeks to reach the target suction. Therefore, evaluating 
the influence of suction on the shear behavior of 
unsaturated soils under high suction conditions remains a 
challenge task. 

Discrete element method (DEM) analysis has recently 
been used to overcome the limitations of laboratory tests in 
geotechnical engineering (Hussain and Hussaini 2023, 
Kodicherla 2023, Zang et al. 2024). Yohannes et al. (2014) 
used DEM analysis to evaluate the effect of particle 
properties on resilient modulus. Similarly, Arulrajah et al. 
(2020) used DEM analysis to evaluate the effect of recycled 
concrete aggregates on resilient modulus. To determine the 
resilient modulus of unsaturated soils, it is necessary to 
consider the effect of the degree of saturation. 
Consequently, DEM simulation-based unsaturated soil 
modeling is required to capture the change in resilient 
modulus according to the degree of saturation. 

Additionally, since suction stress is determined by both 
suction and water content, it is essential to model both 
suction and water content in DEM to incorporate suction 
stress. Liu and Sun (2002) and Li et al. (2018) proposed 
analytical methods for unsaturated soils. These researchers 
evaluated the shear behavior of unsaturated soils by 
applying capillary forces between particles under low 
degrees of saturation conditions. Recently, Suh (2024)  
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Fig. 1 Water volume calculation method: (a) when the 
particles are separated: (b) when the particles overlap. R1 
and R2 are the radii of the particles, R0 is the length of the 
secant line that connects the intersection points of two 
particles (i.e., common chord), Ra is the radius of the air, 
d is the length of particle to particle, and Yb is the radius 
of the fluid neck that connects the two particles 

 
 

performed a triaxial test involving DEM analysis at low 
degrees of saturation levels. However, pore water is 
classified into two types: meniscus water and bulk water 
(Karube et al. 1996). Meniscus water exists at the contact 
points between two particles. As its volume increases, 
adjacent meniscus waters coalesce. The resulting water 
occupies the pore volume formed by at least three particles 
and is termed bulk water (Wang et al. 2017). At low degree 
of saturation, only meniscus water is considered. Whereas 
under higher degree of saturation both meniscus and bulk 
water must be taken into account. Liu et al. (2020) 
simulated higher degree of saturation by modeling water 
volume coalescence; however, this approach requires 
additional analysis to quantify the resulting water volume. 
Although more accurate that other methods, this approach is 
time-consuming. To simulate the shear behavior in an 
unsaturated state during particle deformation under loading, 
it is necessary to represent the virtual water present between 
the particles using mathematical relationships and to 
calculate and apply the corresponding capillary forces.  

This study aims to simulate the behavior of unsaturated 
soil using DEM analysis (PFC 3D). To achieve this, the 
water content in unsaturated soils was divided into bulk and 
meniscus water, and cyclic loading was applied to the 
specimen to evaluate the effect of suction on resilient 
modulus. Additionally, a soil-water characteristic curve 
(SWCC) and resilient modulus were generated through 
DEM simulation. From these results, the effect of suction 
stress on resilient modulus was evaluated.  

 
 

2. Unsaturated resilient modulus through DEM 
analysis 
 

2.1 Definition of suction stress 
 
Suction stress is related to suction and the degree of  

 
 

Fig. 2 Method for applying general capillary and 
boundary forces between particles in unsaturated soil 
simulations

 
 

saturation (Karube and Kato 1994) and has been evaluated 
through triaxial compression, unconfined compression, and 
direct shear tests. It represents the effect of suction on the 
mechanical behavior of unsaturated soils under various 
stress states. Suction stress is defined as the sum of bulk and 
meniscus stress, and can be calculated as the product of 
suction and effective degree of saturation as follows 
(Karube and Kato 1994) 𝑝௦ ൌ 𝑝௠ ൅ 𝑝௕ ൌ 𝑆௥ െ 𝑆௥଴100 െ 𝑆௥଴ ∙ 𝑠 (1)

where pm = the meniscus stress (kPa), pb = the bulk stress 
(kPa), Sr = the degree of saturation (%), Sr0 = the residual 
degree of saturation (%), and s = the matric suction (kPa).  

Bulk stress refers to the stress imposed on pores filled 
with water, whereas meniscus stress refers to the stress 
imposed by the capillary force. Bulk and meniscus water 
cannot be directly separated in laboratory tests due to their 
microscopic nature. Karube and Kawai (2001) conceptually 
predicted the driest curve, defined as the soil-water 
characteristic curve without bulk water in the pore water. 
However, it is impossible to separate them experimentally. 

 
2.2 Modeling of unsaturated state in DEM analysis 
 
The unsaturated state was modeled through four stages 

of DEM analysis. First, the volume of water for particle-to-
particle interaction was defined based on the particle-to-
particle spacing (d) as shown in Fig. 1. The radius of the 
fluid neck connecting the two particles (Yb) is assumed to 
be N times the radius of the smaller particle (R2) among the 
two particles. Using this fluid neck radius, the radius of the 
air can be determined by assuming that the air forms a 
circle. The water volume is calculated based on the radii of 
the fluid neck, the air, the large and small particles, and the 
distance between the particles. This calculation is divided 
into three cases. First, when the particles are separated (Fig. 
1(a)), the water volume is determined using geometric 
methods. Second, when the particles overlap and the length 
of the secant line (R0) is smaller than the fluid neck radius  
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Fig. 3 Change in water volume when particles move 
apart: (a) state before particle movement and (b) state 
after particle movement 

 
 

(Yb) (Fig. 1(b)), the water volume is calculated by 
considering the overlapping volume using geometric 
methods. Third, when the particles overlap but the length of  
the secant line (R0) is larger than the fluid neck radius (Fig. 
1(b)), the water volume is not calculated. From these 
calculations, the degree of saturation is computed based on 
the water volume, and its variation with different fluid neck 
radii is expressed by Eq. (2). The desired degree of 
saturation is determined by the value of N, which is the 
ratio of radius of fluid neck to radius of smaller particle. For 
example, a value of N equal to 0.62 corresponds to a degree 
of saturation of 40%. 𝑆௥ ൌ 7.6𝑁ହ െ 28.9𝑁ସ ൅ 36.7𝑁ଷ ൅18.2𝑁ଶ ൅ 4.2𝑁 െ 0.3 (2)

where, Sr is the degree of saturation (m3/m3), and N is the 
ratio of radius of fluid neck to radius of smaller particles. 

Second, water in particle interactions was classified into 
bulk and meniscus water according to the volume of water. 
The pore water of soil materials was classified into bulk and 
meniscus water (Karube et al. 1996). Bulk and meniscus 
water were separated because overlapping water was 
defined as bulk water. However, not all overlapping water 
was considered bulk water, and bulk water is defined as the 
water that fills pores. Therefore, bulk water is defined as the 
water overlapping within the triangle area formed by three 
particles. For example, when three particles form a triangle 
and water exists between particles A and B, A and C, and B 
and C, if all three waters overlap, it is classified as bulk 
water, and the remaining water is classified as meniscus 
water. 

Third, different capillary forces were applied depending 
on the type of water. Because meniscus water does not 
overlap, the general capillary force method, which 
calculates the sum of the axial surface tension and the 
hydrostatic force at the water neck, can be applied. 
However, determining the neck of water in bulk water is  

Fig. 4 Computational time per 100,000 cycles with 
respect to minimum particle size 

 
difficult. Instead, the boundary method was proposed by 
Hotta et al. (1984) and applied to bulk water by Murase et 
al. (2008). The capillary force of the boundary method was 
calculated from the filling angle at the contact line. 
Therefore, the capillary force calculated using the general 
capillary force method was applied to meniscus water, and 
the capillary force calculated using the boundary method 
was applied to bulk water (Fig. 2). 

Finally, the water thickness was adjusted according to 
the deformation of the particles. The water volume defined 
in the first step should be maintained throughout the shear 
process. However, as shown in Fig. 3, particle deformation 
during shearing increases the spacing between particles 
from d1 to d2. Because water cannot be lost during shearing, 
the total water volume remains constant. Consequently, as 
particle spacing increases, the radius of the air (Ra) 
increases from Ra1 to Ra2, while the radius of the fluid neck 
(Yb) decrease from Yb1 to Yb2. The optimal neck radius and 
air radius can be determined iteratively using several 
optimization methods. The Newton-Rapson method is 
accurate and commonly used for optimization, but it is 
time-consuming. The secant method is potentially the 
fastest optimization method, and it is used to determine the 
size the neck of water based on the distance between 
particles (Quarteroni et al. 2010). Thus, the neck of water 
was determined using the secant method in this study. 

 
2.3 Modeling of cyclic loading condition 
 
The stress state of the resilient modulus test is classified 

into confining stress and deviator stress. Li et al. (2017) 
proposed a membrane modeling method to keep the 
confining pressure constant. This method is divided into 
two parts. First, the position vector of the membrane 
particle is calculated from the ball position. Second, the 
area of each particle in the membrane is calculated from 
nearby particles. The force applied to the ball is calculated 
from the position vector and the area, and it is applied to the 
ball. Using this method, the confining pressure can be kept 
constant. 
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Fig. 5 Particle size distribution 
 

Table 1 Contact model properties 
Parameters Value 

Membrane particles 
Effective modulus (kN/m) 600 

Normal to shear stiffness ratio 0 
Friction coefficient 0 

Damping ratio 0.7 
Density (kg/m3) 1 

 
Membrane-to- specimen particles 
and platen-to-specimen particles 

Effective modulus (kN/m) 6000 
Normal to shear stiffness ratio 0 

Friction coefficient 0 
Damping ratio 0.7 

 
Specimen particles 

Effective modulus (kN/m) 6000 
Normal to shear stiffness ratio 1.2 

Friction coefficient 0.5 
Damping ratio 0.7 

Density (kg/m3) 2.69 
Maximum void ratio, emax 0.417 
Minimum void ratio, emin 0.360 

Void ratio, e 0.360 
Relative density, Dr (%) 100 

 
 
The haversine form of cyclic loading is commonly used 

in the resilient modulus test. Haversine loading involves 
applying a small increment of loading force in the initial 
loading sequence, and the loading force is increased 
gradually along the loading sequence. In DEM analysis, 
because a specific load cannot be applied directly to a 
material such as a wall, the loading pressure is usually 
controlled by adjusting the wall velocity. Therefore, the  

 
Fig. 6 Compaction scenario during the generation of 3rd 
layer 

 

haversine load was applied to the wall boundary with 
deformation control for the DEM analysis. For the cyclic 
loading pressure to reach the target value, the haversine- 
shaped load magnitude was gradually generated, and the 
velocity was appropriately adjusted according to the 
generated haversine load. 

 
 

3. Modeling method of resilient modulus test 
 
The simulation time in DEM simulations varies 

depending on the number of particles. To address this, the 
particle size or simulation specimen size is often scaled in 
DEM simulations to mitigate the increase in simulation time 
caused by more particles (Li et al. 2018, Kuhn and 
Daouadji 2020). To determine the appropriate simulation 
time, we examined the time required to complete 100,000 
cycles for various minimum particle size (i.e., 0.25, 0.425, 
0.85, 2 mm). Fig. 4 illustrates the relationship between 
simulation time and the minimum particle size. Noticeably, 
the simulation time increases as the minimum particle size 
decreases. For minimum particle size of 0.25 and 0.425 
mm, the number of particles is 27,079 and 9,101, 
respectively. If the minimum particle size is less than 0.25 
mm, the simulation will take a long time to complete. 
Therefore, for a practical and efficient simulation, 
approximately 20,000 particles can reasonably be used. In 
this study, to minimize the influence of the maximum 
particle size, the specimen size was set to at least six times 
the maximum particle size. Additionally, the smallest 
particle size was adjusted to ensure that the total number of 
particles reached approximately 20,000. The particle size 
distribution applied is shown in Fig. 5. 

 In DEM simulations, particles are modeled as spherical 
balls, resulting in a particle shape and particle size 
distribution that differs from those of actual soil materials.  
This discrepancy means that the interlocking effect between 
particles is absent, and the simulated density does not 
correspond to the real density. To address the interlocking  
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Fig. 7 Change in void ratio with the number of cycles as 
obtained through the compaction algorithm 
 

 
effect, some researchers have introduced particle friction 
(Shen et al. 2016). In density modeling using particle 
friction, the friction is employed to control the specimen's 
density. For the loose specimen, the particle friction 
coefficient is set to 1.0, whereas for the dense specimen, it 
is set to 0.0. However, this method remains inefficient, as it 
still fails to accurately replicate the actual material density. 
In this study, the density modeling method proposed by 
Chang et al. (2017) was utilized to determine the maximum 
and minimum void ratio of the simulated material. This 
density modeling method applies ASTM D 4253 to obtain 
the minimum void ratio. The soil particles are generated 
within a mold with rigid boundary walls (diameter: 152.4 
mm, height: 155.2 mm). A seating load of 13.8 kPa is 
applied to the specimen, followed by vertical vibration. The 
maximum and minimum void ratios obtained through this 
method were then used to effectively simulate the density 
effect in DEM simulations.  

The density modeling method in this study involves the 
following. First, particles are arranged within a box. When 
generating new particles, the particles are placed as close as 
possible to the top of the already generated particles, 
because if particles are generated far above the top layer, 
the generated particles fall onto the generated particles over 
a longer period. As the falling time increases, the particles 
gain higher velocities due to gravitational effects. To 
minimize the impact of gravity, particles are generated a 
short distance above the top of the generated particles. Fig. 
6 illustrates this process. The first and second layers are 
arranged, and the 3rd layer represents the initial state of 
particle arrangement. The generated particles are then 
allowed to move until their velocities are approximately. 

After particles generation, the maximum void ratio was 
determined based on the initial void ratio. Subsequently, a 
pressure of 13.8 kPa was applied to the top of the specimen 
to apply compaction. To simulate the effects of a vibration 
table, vertical vibrations at a frequency of 60 Hz were 
applied to the bottom of the specimen. Fig. 7 illustrates the 
relationship between the void ratio and the number of  

 
Fig. 8 Modeling of specimen and membrane particles 

 
cycles. Noticeably, the void ratio decreases gradually and 
stabilizes to a specific value. 

The specimen used for DEM analysis is shown in Fig. 8. 
The sample has a diameter of 10 mm and a height of 20 
mm, with particle size ranging from 0.3031 mm to 2.0 mm. 
After the specimen was compacted to achieve the target 
void ratio, the membrane surrounding the specimen was 
modeled using spherical particles (membrane balls). 
Selecting an appropriate membrane ball size is crucial for 
maintaining computational efficiency and accuracy. If the 
membrane balls are too small, the analysis time increases 
significantly due to the large number of balls. However, if 
the membrane balls are too large, controlling the confining 
pressure accurately becomes difficult, and the error in 
volume change increases. According to Qu et al. (2019), the 
ratio of the specimen diameter to the membrane particle 
should be greater than 35. When the ratio is greater than 35, 
the error is less than 5%, but when it is around 33, the error 
is about 6-7%. Based on these results, the size of the 
membrane ball was set to be equal to the minimum particle 
size of the specimen, and the radius ratio was set to 33. 

The contact properties of membrane particles, 
membrane-to-specimen particles, platen-to-specimen 
particles, and specimen particles are summarized in Table 1. 
The effective modulus of the specimen particles is set to 
6,000 kN/m, and the effective modulus of membrane 
particles is set to one-tenth the effective modulus of the 
specimen particles. If the effective modulus of membrane 
particles is too small, the membrane particles may penetrate 
into the specimen. However, If the effective modulus of the 
membrane particles is too large, the specimen particles may 
lose alignment and thus, stability (De Bono et al. 2012). 
Therefore, the effective modulus of membrane particles was 
determined through a trial-and-error approach. 

The resilient modulus, as defined by Seed et al. (1962), 
is the ratio of deviator stress to recoverable strain as 
follows. 𝑀௥ ൌ 𝜎ௗ/𝜀௥ (3)
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Fig. 9 Soil-water characteristic curve generated through 
DEM analysis 

 

Fig. 10 Water volume at contact point for Sr= 70%: (a) 
Bulk water and (b) Meniscus water 
 
 

where, Mr is the resilient modulus (kPa), σd is the deviator 
stress (kPa), εr is the recoverable strain (εr = ΔL/L), ΔL is 
the recoverable deformation, and L is the original sample 
length. Because each loading cycle in DEM simulations 
requires approximately one-hour, resilient modulus in this 
study was calculated using only five loading cycles under 
each condition. Comparisons between the resilient modulus 
and both degree of saturation and stress conditions were 
performed using the value obtained at the fifth cycle. 
 
 

Fig. 11 Specific bulk water contact in soil: (a) bulk water 
contact and (b) bulk water contact represented by balls

Fig. 12 Changes in bulk and meniscus water with respect 
to the degree of saturation  

 
Table 2 Maximum and minimum resilient modulus 

No. 1 2 3 
Confining stress, σc (kPa) 27.6 27.6 27.6
Deviator stress, σd (kPa) 13.8 41.4 68.9

Maximum resilient modulus, Mrmax 
(MPa) 4.09 3.99 3.04

Minimum resilient modulus, Mrmin 
(MPa) 4.08 3.98 2.99

 
 
4. SWCC and resilient modulus at various suctions 

 
In DEM analysis, suction was calculated based on the 

water distribution between particles using the proposed 
unsaturated soil modeling method. Consequently, the 
relationship between suction and degree of saturation (Sr), 
referred to as the soil water characteristic curve (SWCC), 
was generated through DEM simulations, as shown in Fig. 
9.  

The degree of saturation begins to decrease at 
approximately 0.1 kPa of suction and decreases sharply 
between 0.1 kPa and 3 kPa of suction. Beyond this range, 
the degree of saturation stabilizes near zero at 
approximately 10 kPa of suction. Additionally, the 
generated SWCC includes key characteristics such as the air 
entry value (AEV) and residual suction. These results 
reveals that the shape of the generated SWCC closely 
resembles that of SWCCs obtained from laboratory test. 
These results demonstrate that the proposed unsaturated soil 
modeling method effectively simulate the relationship 
between suction and the degree of saturation. 

The proposed water distribution algorithm, can be used  
to categorize the water content into bulk and meniscus 
water. Fig. 10 illustrates the distribution of bulk and 
meniscus water at Sr= 70%. Noticeably, the bulk water 
contacts are more extensive than the meniscus water 
contacts, and the volume of bulk water exceeds that of the 
meniscus water at Sr= 70%. Additionally, Fig. 11 highlights 
the bulk water contacts in the soil. The bulk  
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Fig. 13 Relationship between deviator stress and axial 
strain under varying deviator stress levels at Sr= 1% 

 

Fig. 14 Changes in normalized resilient modulus with 
respect to the degree of saturation 
 

 
water tends to occupy triangular contact regions between 
particles. Notably, bulk water often spans multiple particles, 
forming larger bulk water clusters. These observations 
indicate that the proposed algorithm effectively 
distinguishes between bulk water and meniscus water in 
unsaturated soils. 

Fig. 12 illustrates the changes in bulk and meniscus 
water with the degree of saturation. To investigate the 
variation in bulk and meniscus water with the degree of 
saturation, The ratio of bulk to meniscus water changes 
significantly at approximately Sr= 25%. When the total 
degree of saturation is below 25%, the amount of meniscus 
water exceeds that of bulk water. However, when the total 
degree of saturation exceeds 25%, bulk water dominates 
over the meniscus water. Additionally, when the total degree 
of saturation surpasses 20%, the amount of meniscus water 
remains nearly constant, with negligible variation up to 
approximately Sr= 10% 

Karube and Kawai (2001) divided the bulk and meniscus 
water using the bounding wetting curve, as determined by 

the boundary of the wetting curve. In their study, the 
meniscus water remained at approximately at approximately 
Sr= 10%, and exhibited behavior consistent with that 
depicted in Fig. 12. Therefore, the proposed water division 
model for bulk and meniscus water aligns with the 
laboratory test results. Therefore, the water division 
modeling approach is appropriate for simulating unsaturated 
soil behavior. 

Fig. 13 illustrates the relationship between deviator 
stress and axial strain under varying deviator stress 
conditions at Sr= 1%. The confining stress was kept 
constant at 27.6 kPa, as deviator stresses of 13.8 kPa, 41.4 
kPa, and 68.9 kPa were applied. The degree of saturation 
was set to 1, 5, 10, 40, 70, and 99%. This condition was 
chosen because suction stress decrease beyond 
approximately Sr= 10%, leading to variations in the resilient 
modulus. Fig. 14 illustrates the relationship between the 
degree of saturation and the resilient modulus.  

The difference in resilient modulus is minimal because 
the effective modulus of the particles was set to a small 
value to reduce the computational time. Although the 
computational time for one cycle depends on the degree of 
saturation, it is approximately 1 hour. Table 2 presents the 
maximum and minimum resilient moduli for varying 
deviator stress levels. When the deviator stress is 13.8 kPa, 
the difference in resilient modulus with changes in the 
degree of saturation is minimal.  

To analyze the resilient modulus, it was normalized 
using its maximum and minimum values. This 
normalization scaled the resilient modulus to a range 
between 0 and 1. Table 2 presents the maximum and 
minimum resilient moduli. Noticeably, the resilient modulus 
decreases as the deviator stress increases. This trend is 
consistent with previous findings that the resilient modulus 
decreases with increasing deviator stress (Ng et al. 2013, 
Han and Vanapalli 2016). As listed in Table 2, both the 
maximum and minimum resilient moduli decrease as the 
deviator stress increases.  

Additionally, resilient modulus varies with the degree of 
saturation. Specifically, resilient modulus increases as the 
degree of saturation decreases. Banerjee et al. (2020) 
conducted resilient modulus tests over a wide range of 
degree of saturation and found that resilient modulus 
increases as the degree of saturation decreases, with the 
slope decreasing at low degree of saturation. As illustrated 
in Fig. 14, resilient modulus increases as the degree of 
saturation decreases.  

However, the resilient modulus in this study was 
relatively small, and a partial decrease was observed as the 
degree of saturation increased. This is attributable to the 
resilient modulus being determined after only 5 cycles, 
whereas it is typically determined after 100 cycles. Due to 
computational constraints, the resilient modulus was 
calculated after five cycles, resulting in less stable values. 
Despite this limitation, the overall trend in the relationship 
between resilient modulus and degree of saturation aligns 
closely with the results reported by other researchers. 
Therefore, the proposed algorithm effectively simulates the 
effects of deviator stress and degree of saturation on the  
resilient modulus. 
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(a) deviator strsss of 13.8 kPa 

(b) deviator strsss of 41.4 kPa 

(c) deviator strsss of 68.9 kPa 
Fig. 15 Comparison between normalized resilient 
modulus and suction stress under various deviator stress 
levels 

 
 
Fig. 15 illustrates the relationship between resilient 

modulus and degree of saturation and that the relationship 
between suction stress and degree of saturation. To verify  

Fig. 16 Particle displacement depending on the degree of 
saturation (Confining stress = 27.8 kPa, Deviator stress = 
13.8 kPa) 

 
 

the effects of suction stress, the changes in resilient 
modulus with the degree of saturation were compared to the 
variations in suction stress. Suction stress was calculated 
using Eq. (1) based on the generated SWCC.  

At high degree of saturation, suction stress increased as 
the degree of saturation decreased. However, at low 
approximately Sr= 10%, the suction stress decreased as the 
degree of saturation decreased. This behavior occurs 
because, at low degree of saturation, the water volume is 
relatively small, resulting in suction stress decreasing as the 
degree of saturation increases.  

When the relationship between the degree of saturation 
and suction stress was compared with the normalized 
resilient modulus results, the resilient modulus at a deviator 
stress of 13.8 kPa demonstrated a strong correlation with 
suction stress. The resilient modulus increases with suction 
stress as the degree of saturation decreases from 99% to 
5%, but then decreases as saturation further declines from 
5% to 1%. This pattern indicates that the resilient modulus 
varies with changes in suction stress, demonstrating a 
relationship between suction stress and resilient modulus. 
However, under higher deviator stress conditions, the 
resilient modulus increased even as suction stress decreased 
at low degree of saturation. This occurs because the suction 
stress (< 0.3 kPa) is much smaller than the applied deviator 
stress (> 41.4 kPa). In our simulation, neither contact angle 
nor fine particles were considered, resulting in relatively 
low suction stress values. Under lower deviator stress 
conditions, however, a clear relationship between resilient 
modulus and suction stress was observed. Therefore, the 
water partitioning algorithm and contact model may require 
revision to improve accuracy. 

Fig. 16 illustrates the displacement of specimen particles 
extracted using DEM simulation. The size and direction of 
displacement were calculated, and displacements in the 
same direction were averaged. Noticeably, the displacement 
at Sr= 5% is the smallest and the displacements at a degree 
of saturation above 10% are similar. However, particle 
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displacement increases again at Sr= 1%, showing a trend 
similar to suction stress. The deformation behavior is 
affected by the suction stress and water distribution. When 
the saturation is more than 10% or less than 1%, the 
deformation is large because the suction stress is low. On 
the other hand, at the degree of saturation of 5%, the 
deformation is small because the suction stress is higher 
than other conditions. In addition, when the degree of 
saturation is more than 10%, the proportion of bulk water is 
higher than that of meniscus water, which leads to a large 
deformation. Similarly, when the degree of saturation is less 
than 1%, only a small amount of meniscus water exists in 
the pores, which also causes a large deformation. In 
summary, it can be concluded that at the degree of 
saturation of 5%, most of the water exists as meniscus 
water, which helps to reduce the deformation. These results 
indicate that particle displacement is related to suction 
stress. 

 
 

5. Conclusions 
 
This study divided the water contents into bulk and 

meniscus water to simulate unsaturated soils. Cyclic loading 
was then applied to a specimen consisting of bulk and 
meniscus water. The resilient modulus was then obtained 
from these simulations. The observation and findings from 
the simulation are summarized as follows: 
(1) Based on the particle size distribution, the SWCC was 

generated through DEM simulation. The distribution of 
bulk and meniscus water varied with the total degree of 
saturation: bulk water was dominant at a degree of 
saturation above 25%, whereas meniscus water was 
dominant below 25%. These results demonstrate that 
the unsaturated soil state can be effectively simulated 
using DEM analysis despite its limitations. 

(2) The resilient modulus was obtained through DEM 
simulation, and it decreased as the deviator stress 
increased from 13.8 kPa to 68.9 kPa. These results 
indicate that the simulated unsaturated soil can 
effectively accommodate cyclic loading. 

(3) The suction stress was compared with the resilient 
modulus. The trend of suction stress with the degree of 
saturation changed at Sr= 10%, whereas particle 
displacement changed at Sr= 5%. Although the 
relationship between suction stress and resilient 
modulus remains unclear due to DEM simulation 
limitations, suction stress was found to influences the 
resilient modulus. This effect can be further clarified 
through algorithm revisions.  

(4) An unsaturated modeling approach that considers the 
range of low to high suction under limited conditions is 
proposed, which allowed simulating the shear behavior 
of unsaturated soil materials under various unsaturated 
conditions. 
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