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1. Introduction

Unlike saturated soils, which consist of only two phases,
and similarly dry soils, unsaturated soils consist of three
phases: solid, air, and liquid. To study the interaction
between these phases, we need to study the liquid bridge
between particles called meniscus. The shape of the
meniscus depends on the type of liquid and solid phase and
has a concave curvature on its outer surface for soil and
water. In unsaturated soils, the soil water retention curve
(SWRC) is used to investigate the relationship between
suction and water content.

The DEM is one of the numerical modeling methods
from a micromechanical point of view. The advantage of
particle-based methods is the use of established physical
laws and the consideration of the inherent discreteness and
heterogeneity of soil particles. In the DEM, each particle
is represented as a separate solid body that interacts with
neighboring particles through computational cycles that
use simple mechanical laws. This method was first
introduced for circular particles and was later developed
for modeling polygonal particles.

The DEM has been used to simulate the behavior of
unsaturated soils in the technical literature because it can
study the interaction between the three phases of soil
(solid, liquid, and gas) and investigate the role of the
meniscus and its impact on two adjacent particles. In these
simulations, particles have been modeled in two-
dimensional circular shapes, three-dimensional spherical
shapes, and two-dimensional elliptical shapes. Although
using particles with simplified shapes (circular, spherical,
and elliptical) reduces the modeling time and cost, it can
lead to misleading results because it cannot simulate the
realistic geometry of soil particles. Moreover, the
distribution of moisture between particles is usually
modeled as uniform or as a function of particle size, neither
of which accurately reflects the actual distribution of

moisture in soil pores.

Previous studies have used particles with simplified
geometry to simulate the behavior of unsaturated granular
soils. However, this study focused on using more realistic
polygonal particle shapes to simulate the two-dimensional
behavior of unsaturated granular soils. To this end, an
existing program for polygonal particles was used to
perform biaxial test modeling with different suction levels
in the pendulur regime range. The results were validated
against laboratory studies. In the next step of simulations,
the role of grading and particle size on shear strength of
unsaturated granular soils was investigated.

2. Numerical modeling of unsaturated soil

The capillary forces in unsaturated soils are due to the
presence of meniscus. To determine the meniscus forces,
it is first necessary to identify which particles form
meniscus and under what conditions it remains between
particles. Due to the more complex shape of the particles
compared to previous studies, it was assumed in this study
that meniscus only form between particles in contact and
disappear when the particles separate. In this numerical
simulation, the suction should be assigned to the sample as
an input value. Then, taking into account the geometric
properties of colliding particles, the possibility of
meniscus formation in each pore is investigated. After
identifying the particles in contact, it is necessary to
determine the geometric properties of the meniscus to
obtain the meniscus force between the particles.

In this simulation, about 2000 particles with five
different inscribed polygonal geometries were used. The
diameters of the circumscribed circles range from 0.3 mm
to 1.2 mm. The modeling was performed under confining
pressures of 50, 100, and 200 kPa and suction values of 0,
1, 3, 5, 30, and 100 kPa were applied to the sample. The
modeling stages in the program include the following
ones. First, particles were produced and randomly placed
in the simulation environment without making contact
with each other. Then, the particles were compacted until
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the sample porosity reached the desired level without the
particles overlapping. In the next step, confining pressure
was applied to the sample. Finally, deviatoric stress was
applied to the sample. It should be noted that the force due
to meniscus was considered in the third and forth steps.
Figure 1Figure 1 shows two colliding particles named
Particle 1 and Particle 2 and geometrical parameters
investigated for meniscus formation. In this figure, two
particles are overlaped each other (hatched area) and a
water meniscus is formed in one of the pores. The wetted
length of meniscus on the adjacent particle is L. L, and L,
are distances between collision points of two particles
from vertex of adjacent edge of meniscus. If the value of L
is less than the distance between the vertices of particles
and the collision point (L<min[L3,L,]), it is possible to
form a meniscus, otherwise the meniscus will not
intersects the edges of the particles and the desired pore
assumed to be saturated and therefore meniscus force
ignored in this pore.

3. Simulation results

Results showed that in all simulations the samples with a
suction had higher shear strength than samples without
suction. This is because applying suction to the sample
increases the meniscus force, which increases the
threshold shear force of the particles and consequently the
shear strength.

Figure 2 shows the changes in the ratio of maximum
deviatoric stress to mean stress (q/p)max. AS indicated,
increasing suction does not always increase shear strength;
it only increases up to a certain suction level that is called
optimum suction. Beyond this level, shear strength does
not increase and may even decrease. The optimal suction
value for this study is obtained 5 kPa.

Moreover, the results showed that an increase in the
confining pressure decreases the imapct of suction on the
increase in shear strength of the sample. The reason for this
phenomenon as indicated in Figure 3 is that increasing
confining pressure augments contact forces, while
meniscus force does not change without a change in
suction. As a result, the impact of meniscus force on the
shear strength of unsaturated soil decreases relative to the
impact of contact forces.

Particle1

Figure 1. Geometric characteristics of the meniscus formed
between two angular particles
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Figure 2. (g/p)max ratio versus suction for different confining
pressures
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Figure 3. Changes in meniscus force and meniscus
generation ratio versus suction

4. Conclusion

The simulation results are qualitatively consistent with

laboratory results available in the technical literature. The

main results are as follows:

1) Samples with suction have higher shear strength than
samples without suction at a constant confining
pressure. Moreover, by increasing suction to a certain
amount (called optimal suction), shear strength
increases, and after that, with further increase in
suction, the impact of increasing shear strength
decreases;

2) The impact of unsaturated forces on the shear strength
of granular soils decreases with increasing confining
pressure. This is because as confining pressure
increases, the effect of contact forces on increasing the
shear strength of soil mass increases while the amount
of unsaturated forces does not change without
changing suction. As a result, the ratio of meniscus
forces to contact forces decreases;

3) The amount of increase in shear strength depends on the
amount of meniscus forces and the number of pores
with meniscus. The existence of optimal suction is due
to the fact that as suction increases, the amount of
meniscus forces decreases. However, the number of
pores that can form meniscus increases, and these two
parameters create the maximum shear strength at a
certain suction;

4) With decreasing particle size, the impact of unsaturated
forces on shear strength increases, and at a constant
confining pressure and suction, samples with smaller
particles have higher shear strength.
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Numerical Simulation of Behavior of Unsaturated Granular Soil with Polygonal Particles Using
Discrete Element Method

Mohammad Hossein Jalalian Ehsan Seyedi Hosseininia

Abstract Numerical modeling of unsaturated soils has become increasingly popular in recent years. The Discrete
Element Method (DEM) is a powerful tool for modeling granular materials by focusing on particle interactions. In this
study, the behavior of unsaturated granular soil was investigated using two-dimensional DEM by considering meniscus
formation among particles. Unlike previous studies that simply considered particle shapes as circular or spherical, this
study used more realistic polygonal particles shape that forming meniscus can be examined in different pores with
respect to the geometry and arrangement of the particles. However, because of symmetry in circular and spherical
particles, the shape of the meniscus among these particles depends only to the size of the particles. To this end, using a
program based on the DEM was developed and a soil sample were simulated under different suction values and
confining pressures. The results showed that the shear strength of the sample augments by increasing suction until a
specific value and then, decreased with further suction increases. It was also observed that the effect of meniscus force
on increasing shear strength decreased with increasing confining pressures. Modeling particles of different sizes also
showed that the effect of meniscus force is greater for smaller particles and decreases with particle size.

Key Words Unsaturated Soil, Descrete Element Method, Polygonal Particles, Liquid Bridge, Effect of Particles Shape.
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