
1 INTRODUCTION 

The resilient modulus is widely used to understand 
the stiffness of pavement foundations and is influ-
enced by changes in suction. The relationship be-
tween suction and resilient modulus can be reasona-
bly predicted by considering the moisture regime 
(Han & Vanapalli, 2016). Suction stress, derived 
from suction and effective saturation, is used to pre-
dict shear strength in unsaturated soil mechanics 
(Karube et al., 1986).  

Various tests can be used to evaluate the effect of 
suction on the resilient modulus. However, these 
methods have limitations, including user-depend-
ency, limited to specific suction ranges and time-con-
sumption. Recently, discrete element method (DEM) 
analysis has been used to overcome the limitations of 
laboratory tests in unsaturated soil materials (Liu & 
Sun, 2002; Li et al., 2018).  

This study simulates the behavior of unsaturated 
soil under cyclic loading using DEM analysis (PFC 
3D). The unsaturated soil modeling method using 
DEM analysis was proposed, and the resilient modu-
lus test using the flexible membrane was performed 
using the proposed unsaturated soil modeling method. 
From these results, a soil-water characteristic curve 
(SWCC) and resilient modulus at 5 cycles were gen-
erated through DEM simulation, and the effect of suc-
tion stress on resilient modulus was evaluated. 

2 UNSATURATED STATE THROUGH DEM  

2.1 Definition of suction stress 

Suction stress is related to both suction and the degree 
of saturation and has been evaluated under various 
stress conditions (Karube and Kato, 1994). It is de-
fined as the sum of bulk and meniscus stress, where 
bulk stress refers to the stress imposed on pores filled 
with water, and meniscus stress refers to the stress im-
posed by the capillary force. Suction stress can be cal-
culated as follows: 

𝑝𝑠 = 𝑝𝑚 + 𝑝𝑏 = (𝑆𝑟 − 𝑆𝑟0)/(1 − 𝑆𝑟0) ∙ 𝑠     (1) 

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

2.2 Modelling of unsaturated state in DEM analysis 

The unsaturated state was modeled through three 
stages of DEM analysis. First, the volume of water for 
particle-to-particle interaction was defined based on 
the spacing between particles, as shown in Figure 1. 
Second, Bulk water was defined as the water overlap-
ping within the triangle area formed by three parti-
cles, while the remaining water was classified as me-
niscus water. Finally, the capillary force calculated 
using the general capillary force method was applied 
to meniscus water, and the capillary force calculated 
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using the boundary method was applied to bulk water 
(Hotta et al., 1974).  

3 RESILIENT MODULUS TEST MODELING  

The confining stress was applied to the membrane 
particles using the membrane modeling algorithm (Li 
et al., 2017). Deviator stress with a haversine shape 
was applied to the wall boundary with deformation 
control. Additionally, the applied particle size distri-
bution is shown in Figure 2, and the smallest particle 
size was adjusted to reduce simulation time. The soil 
particles have a spherical shape, and their diameters 
range from 0.3031 mm to 2.0 mm. The density of 
specimen was considered using density modeling 
method proposed by Chang et al. (2017) to account 
for discrepancy in particle shape and particle size dis-
tribution compared to real particles.  

The maximum and minimum void ratios obtained 
from the density modeling method are 0.417 and 
0.360, respectively. The void ratio of specimen was 
set to 0.360, which corresponds to 100 % relative den-
sity. The specimen was compacted to achieve this 
void ratio of 0.360. The membrane surrounding the 

specimen was then modeled using spherical particles 
(membrane balls). The membrane ball size was se-
lected to match the smallest particle size of specimen 
to ensure computational efficiency and accuracy.  

In resilient modulus test, the AASHTO manual 
specifies that the confining pressure for fine-grained 
subgrade materials ranges from 27.6 kPa to 82.8 kPa, 
while the cyclic stress ranges from 27.6 kPa to 96.6 
kPa. This paper aims to evaluate the DEM modeling 
algorithm in resilient modulus tests for unsaturated 
soil. Accordingly, the confining pressure was set to 
27.6 kPa, and the cyclic stress was varied from 13.8 
kPa to 68.9 kPa. Additionally, to assess changes in the 
resilient modulus under different degree of saturation, 
the degree of saturation was varied from 1 % to 99 %. 
Moreover, because the suction stress exhibits a sharp 
change at high suction levels and decrease markedly 
beyond approximately 5 % saturation as shown in fig-
ure 3, the change in the resilient modulus under low 
saturation levels was evaluated in detail.  

The contact properties of membrane 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 parti-
cles may penetrate into the specimen. Therefore, the 
effective modulus of membrane particles was deter-
mined through a trial-and-error approach. 

4 SWCC AND RESILIENT MODULUS AT 
VARIOUS SUCTIONS 

Suction was calculated based on the water distribu-
tion 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 Figure 3 Particle size distribution 

Figure 1 Water volume calculation method: (a) when the parti-

cles are separated: (b) when the particles overlap 
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DEM analysis 



generated through DEM simulations, as shown in 
Figure 3. The generated SWCC includes key charac-
teristics such as the air entry value (AEV) and resid-
ual suction. These results reveals that the shape of the 
generated SWCC closely resembles those obtained 
from laboratory tests.  

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 

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 

Target viod ratio, e          0.360 

Relative density, Dr (%)        100 
__________________________________________ 

Figure 4 illustrates the changes in bulk and menis-
cus water with the degree of saturation. The ratio of 
bulk to meniscus water changes significantly at ap-
proximately 25% saturation. Additionally, when the 
total degree of saturation surpasses 20%, the amount 
of meniscus water remains nearly constant, and there 
is negligible variation at degree of saturation below 
approximately 10%. Meniscus water remained at ap-
proximately 10% of the degree of saturation, as re-
ported by Karube & kawai (2001), and exhibited be-
havior consistent with that shown in Figure 4.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Therefore, the proposed water division model for 
bulk and meniscus water aligns with the laboratory 
test results.  

The difference in resilient modulus is minimal be-
cause the effective modulus of the particles was set to 
a small value to reduce the computational time. Table 
2 presents the maximum and minimum resilient mod-
uli for varying deviator stress levels. The maximum 
and minimum resilient modulus values were selected 
based on the values obtained by varying the degree of 
saturation. Since the difference in resilient modulus 
with changes in the degree of saturation are minimal, 
the resilient modulus was normalized using its maxi-
mum and minimum values. Figure 5 illustrates the re-
lationship between the degree of saturation and the 
normalized resilient modulus. This normalization 
scaled the resilient modulus to a range between 0 and 
1. The resilient modulus decreases as the deviator 
stress increases. This trend is consistent with previous 
findings that the resilient modulus decreases with in-
creasing deviator stress (Ng et al., 2013; Han and 
Vanapalli, 2016). Additionally, the resilient modulus 
increases as the degree of saturation decreases, with 
the slope decreasing at low saturation, as illustrated in 
Figure 5 (Banerjee et al., 2020).  

 
Table 2 Maximum and minimum resilient modulus __________________________________________ 

No.            1   2   3 
__________________________________________ 
Confining stress (kPa)    27.6  27.6  27.6 

Deviator stress (kPa)     13.8  41.4  68.9 

Maximum resilient modulus 

modulus (MPa)       4.10  3.93  3.30 

Minimum resilient modulus 

(MPa)           4.09  3.88  3.06 
__________________________________________ 

 
There was the relationship between the resilient 

modulus and degree of saturation and the relationship 
between suction stress and degree of saturation in fig-
ure 5. Suction stress was calculated using Eq. (1) 
based on the generated SWCC.  

Figure 5 Changes in normalized resilient modulus with respect 

to the degree of saturation 
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At high saturation, suction stress increased as the 
degree of saturation decreased. However, at low sat-
uration of approximately 10 %, the suction stress de-
creased as the degree of saturation increased. This be-
havior occurs because, at low degree of saturation, the 
water volume is relatively small, resulting in suction 
stress decreasing as the degree of saturation increases. 
However, at deviator stress of 13.8 kPa and 41.4 kPa, 
the resilient modulus increases with the degree of sat-
uration. This is attributed to the differences in devia-
tor stress. In this paper, the resilient modulus was cal-
culated at 5 cycles due to the simulation time 
constraints, as each cycle requires approximately 5 
days. Therefore, while the resilient modulus con-
verged within 5 cycles at deviator stress of 68.1 kPa, 
it did not converge within 5 cycles at lower deviator 
stresses (i.e., 13.8 kPa and 41.4 kPa), resulting in an 
increase in the resilient modulus as the degree of sat-
uration increases. 

When the relationship between the degree of satu-
ration and suction stress was compared with the nor-
malized resilient modulus results, the resilient modu-
lus at a deviator stress of 68.9 kPa demonstrated a 
strong correlation with suction stress. However, un-
der other deviator stress conditions, the resilient mod-
ulus increased with suction stress but a substantial 
portion of the increase occurred at low saturation. 
This behavior is attributed to the applied meniscus 
water contact force exceeding that of bulk water. 
These results indicate that the resilient modulus is 
closely related to suction stress.  

5 CONCLUSIONS 

This study categorized the water contents into bulk 
and meniscus water to simulate unsaturated soils. Cy-
clic loading was applied to a specimen composed of 
bulk and meniscus water, and the resilient modulus 
was obtained from these simulations. 

Based on the particle size distribution, the SWCC 
was generated through DEM simulation. Bulk water 
was dominant at a saturation above 25%, whereas me-
niscus water was dominant below 25%. These results 
demonstrate that the unsaturated soil state can be ef-
fectively simulated using DEM analysis despite its 
limitations. Additionally, the resilient modulus was 
obtained through DEM simulation and decreased as 
the deviator stress increased from 13.8 kPa to 68.9 
kPa. Finally, the suction stress was compared with the 
resilient modulus. The trend of suction stress with the 
degree of saturation changed, whereas particle dis-
placement changed at 5% saturation. Although the re-
lationship between suction stress and resilient modu-
lus remains unclear due to DEM simulation 
limitations, suction stress was found to influence the 
resilient modulus.  
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