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ABSTRACT: Permeability of granular soils is one of the important factors when designing foundation as it af-
fects the seepage, stability, and settlement of the foundation. The traditional methods such as experimental and 
analytical approaches can measure this parameter, however, they become inaccurate when soil properties such 
as porosity and particle distribution vary during fluid flowing. Therefore, computational methods which can 
capture both particle and fluid behaviours, and their mutual interactions have received greater attention in re-
cent years. This paper presents a novel numerical approach where fluid variables are coupled with particles to 
predict hydraulic behaviours. While the particle behaviour can be captured by the Discrete Element Method 
(DEM) using Newton's second law, the fluid dynamics behaviour will be described by the Lattice Boltzmann 
Method (LBM) based on a distribution function. The mutual interaction between these two phases is carried 
out so that particle and fluid variables are updated constantly. The numerical results are validated with experi-
ments showing a good agreement. 

1 INTRODUCTION 

The permeability of porous materials is a funda-
mental parameter in the geotechnical field as it can 
be used for designing the seepage, drainage and 
many other associated geotechnical purposes. For 
example, the hydraulic behaviour plays an im-
portant role in discharge capacity of natural fibre 
drains where the porous characteristics are very 
complex (Nguyen et al. 2018; Nguyen and 
Indraratna 2019). These characteristics can be 
measured by traditional methods such as experi-
ments or analytical approaches. However, these 
methods are lack of the ability to capture the fluid 
behavior at microscopic level such as localized flu-
id variables in the porous media. In addition, mi-
cro-parameters such as the particle shape and size 
can have significant influences on the macro-
hydraulic conductivity (Nguyen and Indraratna 
2017b; Nguyen and Indraratna 2020c), thus more 
rigorous approach to predict the hydraulic proper-
ties of geomaterials is needed. As a result, numeri-
cal approaches which can capture the particle and 
fluid interactions at the microscopic level have 

been received greater attention in recent years 
(Tsuji et al. 1993; Kloss et al. 2012; Nguyen and 
Indraratna 2020b).  

This study uses the Discrete Element Method 
(DEM) coupled with Lattice Boltzmann method 
(LBM) which is an alternative approach to the 
conventional Computational Fluid Dynamics (CFD) 
methods based on Navier-Stoke (NS) equations, to 
model the permeability of granular soil. Despite 
considerable success in using CFD-DEM coupling 
to model hydraulic behaviour of geomaterials, pre-
vious studies (Nguyen and Indraratna 2017a, 
2020a) also indicate limited accuracy when using 
NS method to capture microscopic properties of 
fluid flows. For example, a common numerical 
technique is using the coarse-grid approach for the 
CFD-DEM coupling that restricts the scale of pre-
dicted fluid variables to the size of particles. LBM, 
in comparison with conventional CFD, demon-
strates a higher degree of resolution as well as the 
ability to model complex geometries (Feng et al. 
2007; Han and Cundall 2013; Indraratna et al. 
2021), which is why it is used in this current study. 
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2 THEORIETICAL BACKGROUND 

2.1 Discrete Element Method 

The DEM was first introduced in (Cundall and 
Strack 1979) and has been widely used in geotech-
nical field to model the granular soil, especially at 
the micromechanical scale. The method uses New-
ton's Law to calculate particle translational and ro-
tational motion as follows: 

�� ���,��� = 	 
�,�� +  
�,� +  
�,���
(1) 

�� �ω��� = 	 ��,�� + ��,���
(2) 

where �� and �� are the mass and moment of in-
ertia, ��,� and ��  are the translational and angu-
lar velocities, and ��,��  and ��,�  are the torques
exerting on particle due to other particles and fluid, 
respectively. 
��� is the contact force between ad-
jacent particles. 
�,�  is the total fluid–particle
force interacting on particle. 
�,� is the gravitation-
al force. �� is the total number of contacts.

To simulate particle contact, this current study 
uses the non-linear contact model which combines 
Hertz and Mindlin-Deresiewicz theory. This model 
has been used widely to model particle contact of 
granular materials with significant success. How to 
compute contact forces can be found in previous 
studies (Zhu et al. 2007; Nguyen and Indraratna 
2020b) 

2.2 Lattice Boltzmann Method 

The theories of LBM have been thoroughly ex-
plained through previous studies (Zou and He 
1997; Chen and Doolen 1998; Feng et al. 2007; 
Krüger et al. 2009). The following section summa-
rizes the important fundamental theory of LBM. 

LBM is an immersing alternative method to the 
conventional CFD solver based on Navier Stoke 
equation. While the conventional CDF methods are 
based on using of average fluid variables which 
leads to less accuracy, LBM has been successful in 
modelling complex fluid flow such as flow through 
porous media and multiphase flows (Succi et al. 
1989; Aidun and Clausen 2009). Unlike conven-
tion CFD using the Navier-Stokes equation to di-
rectly solve the macroscopic quantity such as the 
velocity and pressure, the LBM describes fluid as 
fluid density distribution function (FDDF) fi(x,t) 
moving along the lattice node. This movement in-
volves two consecutive steps streaming and colli-
sion. Streaming is the process that fi (x,t) moves 
from the current node (x) to the neighbour node 
(x+��∆�) at the lattice velocity c and in the direc-
tion of the lattice velocity vector ��  (Table 1).

Since D3Q19 structure is adopted in this study, the 
FDDFs are split into 18 directional components 
(Figure 1). At the new node, the FDDFs are collid-
ed and get bouncing back in the opposite direction. 

���� + ��∆� , � + ∆�������� �����!
"�#$%&���

= ����, �� − 1) *��$+��, �� − ����, ��,���������� ���������!
�-..�"�-�

(3) 

where ∆� the lattice time, ) is the relaxation time
and ��$+

 is the equilibrium distribution which is
computed by: 

��$+ = /�0� 11 + 334 ����,� + 9237 8����,�94

− 3234 ��,�4 :
(4) 

in which /� is the weighting factor shown in Ta-
ble 1. 0� and ��,�  are the fluid density and veloci-
ty.   

The macroscopic observables like density, ve-
locity and pressure can directly be recovered by 

0� = 	 ��
;<

�=>
(5) 
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;<

�=>
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A� = B"40� (7) 

 
where B"is the fluid speed of sound. B" = 3 √3⁄  ;c = ∆x/∆t (∆x is lattice spacing).

The kinematic viscosity of fluid can be deter-
mined by the relaxation time: 

I = 13 1) − 12: ∆�4
∆�

(8) 

 

Figure 1: D3Q19 lattice model 
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From Equation (7), the relaxation time needs to 
be larger than 0.5 to ensure the viscosity is posi-
tive. Given that the stability of LBM model is sen-
sitive to the relaxation time and Mach number. To 
keep the simulation under the incompressible limit, 
Mach number needs to be smaller than 0.1 

J% = ��,&%KB" (9) 

Table 1: The velocity vector and weighting factor of 

D3Q19 model 

i Lattice velocity vector, �� Weight, /�
i = 0 (0,0,0) 1/3 

i = 

1,..6 

�±c, 0,0�, �0, ±c, 0�, �0,0, ±c� 1/18 

i = 

7,.18 

�±c, ±c, 0�, �±c, 0, ±c�, �0, ±c, ±c� 1/36 

2.3 LBM-DEM coupling through Immerse 
Moving Boundary 

In this study, the Immerse Moving Boundary (IMB) 
proposed by (Noble and Torczynski 1998), is used 
to consider fluid-solid interaction. This method is 
widely used to simulate the particle moving in flu-
id (Feng et al. 2007). The advantage of this bound-
ary is that it considers both solid and fluid in a lat-
tice cell. As a result, it reduces the fluctuation of 
forces acting on the particles (Feng et al. 2007).

This method introduces a modified collision 
operator for the fluid nodes that are partially or ful-
ly occupied by solid. Equation (3) becomes:  

���� + ��∆� , �, +∆�� − ����, ��
= − 1) �1 − N� *����, ��
− ��$+��, ��, + NΩ�"

(10) 

where N is the weighting function and can be cal-
culated by: 

N�P, )� = P *) − ;
4,

�1 − P� + *) − ;
4, (11) 

in which P is the solid ratio in the lattice cell
And the new additional collision term can be 

computed by: 

Ω�" = �Q���, �� − ����, �� + ��$+80�, ��9− �Q�$+80�, ��9 (12) 

where �� is the solid particle velocity

The hydrodynamic force and torques exerting 
on particles can be computed by:  


� = 	 N�R 	 Ω�"�
���R

(13) 

�� = 	8��R − ��9 × TN�R 	 Ω�"���
U

�R
(14) 

where ns is the number of lattice cells covered by 
the solid particle, and ��  and ��"  are the cen-
troid of the solid particle and the lattice node, re-
spectively. 

Figure 2: Flow diagram for LBM-DEM coupling algo-

rithms 

To sum up, in LBM-DEM numerical model, the 
LBM exerts the hydrodynamic forces on particles 
in DEM. If these forces are larger than the body 
weight of the particles, the particles start to move. 
Newton’s Second Law is applied to determine the-
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se movements. The new particle position and ori-
entation are continuously updated and written into 
the lattice to determine the solid ratio in the lattice 
cell. Using the modified collision proposed by 
IBM, the new hydrodynamic force and torque can 
be computed. The loop continues until simulation 
time finishes (Figure 2). 

3 EXPERIMENT AND NUMERICAL SETUP 

In this study, the numerical results are validated 
with the results obtained from the experiments 
conducted in this current and a previous studies 
(Fleshman and Rice 2014). The uniform coarse 
sand is used for the validation. 

3.1 Experiment 

Figure 3 shows the experimental setup. The per-
meability of the soil sample can be obtained by: 

VW = XYZℎ� (15) 

where Q is the volume of collected water, L is the 

height of sample, A is sample cross section, h is 

the water head difference and t is interval time.  

The steady flow is established to the inlet at the 

bottom and the water discharge is collected at the 

outlet at the top. The water head difference is 

measured by the manometers. A thin filter layer is 

laid at the bottom to ensure the uniform water dis-

tribution. Further details of the test can be found in 

other publication of the authors (Indraratna et al. 

2021).   

Figure 3: Experimental setup for permeability test 

3.2 Numerical model 

Soil sample having a similar PSD to the experi-
mental sample is generated in DEM. The soil 
properties are adopted from previous studies 
(Kafui et al. 2002; Zeghal and El Shamy 2008; 
Nguyen and Indraratna 2020a) as shown in Table 2. 

In this model, the pressure difference is applied 

at the inlet and outlet. And the discharge velocity 

(Vd) is obtained. The permeability in the numerical 

model can be computed by: 

V = \]^ (16) 

where ^ is the hydraulic gradient

^ = ∆A�0_∆Y (17) 

in that ∆A� is the pressure drop and ∆L is the dis-
tance that the fluid travels through soil. 

Table 2: Soil and fluid parameters used in this current 

numerical investigation 

Parameters Value Unit 

Particles 

Specific gravity 2.65 

Young modulus 6.1×10
5
 kPa 

Coefficient of friction 0.5 

Coefficient of restitu-
tion 

0.3 

Poisson’s ratio 0.4 

Fluid 

Density 1000 kg/m
3
 

Kinematic viscosity 10
-6

m
2
/s 

4 RESULTS AND DISCUSSION 

4.1 Permeability 

In this section, the permeability captured by the 
numerical simulation is validated with experiment 
result and previous study which has the compara-
ble properties and particle size distribution (PSD) 
with the soil used in this model. The range of po-
rosity is from 0.39 to 0.46. Overall, the experiment 
shows a good agreement between numerical and 
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experimental results (Table 3). The deviations be-
tween numerical and experimental results are 
small, which are 18.9% compared with the current 
experiment and 11.2% compared with the previous 
study. Such differences occur due to the difference 
in cell friction and particle shape. Besides that, the 
test also proves that the higher the porosity, the 
higher the permeability.  

Table 3: Permeability of soil with different porosities 

and approaches 

Exper-

iment 

(Current 

study) 

Numeri-

cal re-

sults 

Experi-

ment 

(Fleshman 

and Rice 

2014) 

Numer-

icla re-

sult 

Porosity 0.39 0.39 0.45 0.46 

Permea-

bility 

(m/s) 

0.0037 0.0044 0.0089 0.0079 

4.2 Localized fluid variables 

Figure 4: Interstitial micro-fluid vector flowing through 
particle bed 

The advantage of using numerical simulation over 
the traditional method is the ability to capture lo-
calized variables of fluid over detailed porous 
properties. For instance, the laboratory test can 
capture the average fluid flow through particle bed, 

however, it is difficult or almost impossible to 
measure the local velocity of fluid flowing through 
the pore space. The arrows in Figure 4 demonstrate 
the fluid flow through the particle bed. The fluid 
velocity does not distribute uniformly showing by 
different colors of the arrows, which due to the dif-
ferent size of the pore. Fundamentally, fluid flow 
through larger pore has the slower velocity than 
fluid flow through smaller pore. In addition, it also 
illustrates that due to the solid obstacles, the fluid 
can only flow through the gap between particles, 
therefore, the fluid vectors do not in parallel with 
each other.  

5 CONCLUSION 

A study based on LBM-DEM coupling was carried 
out to investigate the permeability of granular ma-
terials. The numerical model represented in this 
paper showed certain success in predicting hydrau-
lic properties of granular materials. Following con-
clusions could be highlighted:  

The LBM-DEM numerical model can reasona-
bly predict the permeability of the granular soil 
with different porosities. The deviation between 
numerical model and experiment is acceptable, 
from 11.2% to 18.9%. The numerical model can 
also capture very well the porosity-dependent be-
haviour of hydraulic conductivity that is under-
standable well through past experiments.  

The fluid-particle coupling based on LBM can 
capture the localized fluid velocity as well as show 
how the fluid flows through the porous medium of 
granular soils. The results showed that the velocity 
of fluid flowing through the particle bed varies 
significantly with the localized characteristics of 
porous systems.  
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