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ABSTRACT 

 

Binary granular packing is mainly characterized by mixture of finer and coarser particles 

which is often encountered in geotechnical engineering, e.g., gap-graded soils. The 

hydraulic and erosion properties of binary granular packings have gained special 

attention due to its close relation to the safety of earth structures, e.g., internal erosion 

of gap-graded soils in dam foundations. The pore flow distribution within the voids of 

the coarse skeleton is a key factor that affects the hydraulic properties and erosion 

process in binary granular packings, while a further understand on it is still needed. For 

this purpose, a semi-resolved CFD-DEM model was adopted to obtain the probability 

density distributions of pore flow flux within the voids of coarse skeleton in typical 

binary sphere packings. Delaunay triangulation was used to discretize the voids of coarse 

skeleton into individual pore element and, thereby, facilitate the calculation of pore flow 

flux through each pore throat. The results reveal that the distribution of pore flow flux 

changes obviously and becomes more uniform with the transition of the binary packing 

from underfilled to overfilled packings. However, the size ratio between coarser and 

finer particles has a negligible influence on the transition in the distribution. 
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INTRODUCTION 
 

Binary granular packing is mainly characterized by mixture of finer and coarser particles 

with the absence of medium-sized particles. It is often encountered in geotechnical 

engineering, e.g., gap-graded soils. The finer particles may be eroded from the binary 
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granular packing under seepage flow, which is referred to as suffusion, a typical mode 

of internal erosion. The erosion of finer particles may weaken the strength of the granular 

packing and, thereby, have great threats to earth structures such as embankment dams 

(Luo et al. 2017; Johnston et al. 2023) and colluvium slopes (Cui et al. 2017). The 

fundamental mechanism of suffusion involves the interaction between the fine particle 

loss and the development of preferential flow. The pore flow distribution within the 

voids of the coarse skeleton is a key factor that affects the suffusion process. 

Several research (Datta et al. 2013; Nguyen and Papavassiliou. 2021; 

Bijeljic et al. 2013; Alim et al. 2017) have focused on the distribution of pore fluid flow 

within granular packings. Datta et al. (2013) obtained the distribution of fluid velocity 

within the pores of 3D sphere packings using transparent medium and confocal 

microscopy. Note that the pores of the granular packings were divided into interrogation 

windows with dimensions of around 1/10 of particle diameter to obtain the pore fluid 

velocity using Particle Image Velocimetry (PIV). The probability density function (PDF) 

of pore fluid velocity was found to approximately have an exponential decay. Nguyen 

and Papavassiliou. (2021) proposed a more general distribution, i.e., Weibull distribution, 

for the pore fluid velocity in various porous media. They demonstrated that the pore size 

distribution appeared to be important for the form of the velocity distribution. Alim et 

al. (2017) focused on the flow rate through each pore throat. They found that the PDF 

of pore flow rate also follows an exponential distribution for random granular packing. 

Meanwhile, Alim et al. (2017) demonstrated that the local correlation of pore sizes, 

instead of the overall pore size distribution, set the exponential PDF of pore flow rate. 

Only granular particles with very narrow and simple PSDs were considered in 

previous research (Zarrei et al. 2022; Datta et al. 2013; Sanvitale et al. 2023). Binary 

granular packings often have very broad PSDs with large size differences between 

coarser and finer particles. The distributions of pore fluid flow within binary granular 

packings may be more complex compared to those observed within granular media with 

very narrow and simple PSDs. However, there is still a lack of study on pore flow 

distribution in binary granular packings. 

This study focuses on the pore flow distribution in binary sphere packings. The 

distributions of pore flux rate within voids of coarse skeleton in binary sphere packings 

were investigated using the semi-resolved coupled Computational Fluid Dynamics 

(CFD) - Discrete Element Method (DEM) previously developed by the authors (Cheng 

et al., 2018). The capability of the semi-resolved CFD-DEM method in reproducing the 

pore flow distribution in granular packings was thoroughly examined by comparing to 

experimental results. Then, the influence of content of finer particles and size ratio 

between coarser and finer particles on the distribution of pore flow rate was studied. 

 

SEMI-RESOLVED CFD-DEM METHOD 
 

The coupled CFD - DEM is a promising tool for modeling the interactions between fluid 

and granular particles (Tsuji et al. 1993). In this method, the CFD is used to model the 



 

- 3 - 

 

fluid flow while the DEM is adopted to simulate the particle motion. The fluid flow-

particle interactions can be treated in different ways based on different resolved scales 

of fluid flow (Tsuji et al. 1993; Sharma and Patankar 2005; Cheng et al. 2018). The semi-

resolved CFD-DEM method is designed for modeling fluid-particle interactions in 

binary granular packings, especially for situations involving finer particle migration 

under seepage flow (Cheng et al. 2018). In the semi-resolved method, the pore fluid flow 

within the voids of coarse skeleton formed of coarser particles is resolved using the 

fictitious domain method (Glowinski et al. 1999; Sharma and Patankar 2005), while the 

finer particle-fluid interactions are treated by locally averaging (Anderson and Jackson 

1967). By doing so, the detailed pore fluid flow within the voids of coarse skeleton is 

obtained, and meanwhile the computational burden is reduced by using a simplified way, 

i.e., a locally averaging, for the coupling between the finer particles and pore fluid flow. 

For more details of the semi-resolved CFD-DEM method, please refer to Cheng et al. 

(2018). 

 

NUMERICAL MODLE 
 

Binary sphere packings 
Different binary sphere packings consisting of coarser and finer particles were 

considered. Their particle size distributions (PSDs) are illustrated in Figure 1.  

 

   
 (a) SR = 13.1 (b) SR = 10.5 

Figure 1. Particle size distributions of the binary sphere packings in the 

numerical simulations (FC represents content of finer particles; SR = D15
’/d85

’ is 

the size ratio between coarser and finer particles) 

 

Two different size ratios between coarser and finer particles, i.e., SR = 10.5 and 

13.1, and three different contents of finer particles, i.e., fine content FC = 15%, 25% and 

35% are considered. Additionally, sphere packings composed of only coarse particles 
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were also considered for comparison. 

 

Model setup 

The semi-resolved solver (Cheng et al. 2018) implemented based on CFDEM program 

(Goniva et al. 2010) was used in the current simulations. As shown in Figure .2, rectangle 

samples were modeled with a height of 28 mm and a side length of 18.75 mm. Periodic 

boundary conditions were used for lateral boundaries both in the DEM and CFD sides 

to reduce boundary effect. Radius expansion approach (O’Sullivan 2011) was adopted 

for the generation of samples to target porosities.  

In the DEM side, Hertz-Mindlin model incorporated with a rolling resistance 

model was used for resolved the particle contact; see Cheng et al. (2017) for more details 

on this contact model. The particle properties required by the contact model were 

summarized in Table 1; these parameters were calibrated for quartz sand particles in our 

previous study (Cheng et al. 2017). The DEM timestep was set to 2×10⁻⁷ s, which is 

around one-seventh of the critical Rayleigh time to guarantee the numerical stability 

(Cheng et al. 2024). Gravity was not considered to avoid the segregation of finer and 

coarser particles. On the other hand, the finer particles should be easily transported by 

seepage flow due to the absence of gravity, which will further result in inhomogeneous 

samples. For simplicity, the particles were fixed artificially to keep the samples 

relatively homogeneous in the simulations.  

 

Table 1. Material properties and computational settings. 

Particle properties 

Density, ρp (kg·m−3) 2650 Rolling stiffness coefficient, αr 0.193 

Young’s modulus, Ep (GPa) 1×109 Restitution coefficient, e 0.9 

Poisson’s ratio, νp 0.2 Coarse particle diameters, (mm) 3.75-4.425 

Sliding friction coefficient, μs 0.84 Fine particle diameters, (mm) 0.24-0.3 

Rolling friction coefficient, μr 0.26 0.3-0.375 

Fluid properties 

Density, ρf (kg·m−3) 1000 Dynamic viscosity, μf (kg·m−1·s−1) 1 × 10−3 

Computational settings 

DEM time step, ΔtDEM (s) 2 × 10−7 CFD time step, ΔtCFD (s) 2 .5× 10−4 

Bandwidth of Gaussian function, bw (mm) 2 Coupling interval, Nc 1250 

 

In the CFD side, periodic boundary conditions were imposed on four lateral 

boundaries, while pressure boundary conditions were applied on the top and bottom of 

the fluid domain. The hydraulic gradient, i=(pi-po)/ρfgHs, was increased step-wised as 

shown in Figure 3, where pi and po are the pressure at the inlet and outlet, respectively, 

Hs is the sample height, ρf is the fluid density, g is the gravitational acceleration. 

Hexahedral fluid meshes were used to discretize the fluid domain, as shown in Figure .2 



 

- 5 - 

 

It is noteworthy that the fluid meshes are overlapped with coarser particles, which is an 

advantage of the fictitious domain method used in the semi-resolved CFD-DEM model. 

Different mesh sizes were considered for sensitive analysis of fluid mesh, which will be 

detailed in Section 4. The fluid properties were set to be those of pure water under 

standard conditions (20°C, 1 atm), with the specific parameters detailed in Table 1. The 

CFD timestep is set to be ΔtCFD = 2.5×10−4 s. 

 

   
 (a) Geometries  (b) Boundary conditions 

Figure 2. Geometries and boundary conditions of the numerical model. 

 
Figure 3. Hydraulic gradient used in the simulations 

The coupling of DEM and CFD requires the translation between the Eulerian 

fields (e.g., porosity, velocity, pressure in fluid meshes) and Lagrangian fields (e.g., 

particle velocity carried by each particle). A mesh-independent approach, i.e., Gaussian-
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based approach developed in our previous research (Yang et al. 2019) was used for the 

Eulerian-Lagrangian fields translation. In this approach, the bandwidth bw was needed 

and set to be two times of the maximum diameter of finer particles as suggested by our 

previous study (Yang et al. 2019). Table 2 summarizes the details of the binary sphere 

packings samples used in the simulations. 

 

Table 2. The binary sphere packings samples used in the simulations. 

Sample number 
Content of finer 

particles, FC (%) 
Void ratio, e Number of particles 

FC-0 a 0 0.845 147 

FC15-Gap13.1 b 
15 

0.554 87950 

FC15-Gap10.5 c 0.555 45103 

FC25-Gap13.1 
25 

0.403 146466 

FC25-Gap10.5 0.442 75055 

FC35-Gap13.1 
35 

0.315 204975 

FC35-Gap10.5 0.333 105003 

a FC-0 represents that the binary sphere packings sample contains only coarser particles. 

b Gap13.1 represents size ratio is 13.1. 
c Gap10.5 represents size ratio is 10.5. 

 

MODEL VALIDATION 
 

Fundamental validations have been conducted on the semi-resolved CFD-DEM method 

in treating particle-fluid interactions in our previous research (Cheng et al. 2018; Yang 

et al. 2019). In the current study, we further examine the capability of the semi-resolved 

method in resolving the pore fluid flow in granular packings. For this purpose, 

probability density distribution of pore fluid velocity in granular packings were obtained 

and compared to the experimental results. To the authors’ knowledge, the pore fluid flow 

in binary granular packings is difficult to be obtained in the experiments due to the 

relatively large difference between the coarser and finer particles. Therefore, only sphere 

packings with simple gradations were modeled for validation. For this purpose, sphere 

packing formed of only the coarser part (with diameters of 3.75 - 4.43 mm) of the binary 

spheres shown in Figure .2 were modeled using the semi-resolved method. The packing 

porosity is around 0.458. The particle Rynolds number is around 1×10-2. The simulation 

results were then compared to the distribution of pore fluid velocity obtained in the 

experiments of Datta et al. (2013), in which sphere packings formed of uniformly-sized 

glass beads were tested. As shown in Figure .4, the probability density distributions of 

pore fluid velocity were obtained in the numerical simulations with different mesh sizes, 



 

- 7 - 

 

i.e., Lm = 
3.8

d
 , 

6

d
 , 

9.6

d
 , and 

15

d
 , where d is the particle diameter. Note that the 

velocity magnitude umag was normalized by the averaged interstitial velocity uD/n. 

 

  
Figure 4. Probability density distribution of normalized fluid velocity umag/(uD/n): 

Numerical results obtained at different mesh resolutions and comparison to 

experimental observations in Datta et al. (2013) 

 

It can be seen that the velocity distribution tends to be converged with the 

refinement of fluid mesh. It changes little as Lm is smaller than 
9.6

d
. Therefore, Lm = 

9.6

d
  was used in the following simulations. For simulations with Lm ≤ 

9.6

d
 , the 

probability density distributions present an exponential decay, which is very similar to 

that obtained in the experiment. Meanwhile, there is an abnormal peak near zero velocity 

which should be due to a lack of mesh resolution near the particle surface. Nevertheless, 

this discrepancy is considered to be acceptable for Lm = 
9.6

d
 since the most concerned 

in the current study is the averaged flow on each pore throat, instead of the detailed flow 

in each fluid mesh. 

 

DISTRIBUTION OF PORE FLUX RATE 
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This study mainly focused on the averaged fluid flow on pore throats of the coarse 

skeleton. To this end, Delaunay triangulation was used to discretize the coarse skeleton 

into tetrahedrons and, meanwhile, discretize the pores of coarse skeleton into pore 

elements, as illustrated in Figure 5; note that the void of each tetrahedron represent a 

pore element, while the space outside coarse particles on each surface of the tetrahedron 

denotes the pore throat.  

Pore flux rate, Uo [m/s], was defined on each surface of the tetrahedron as the 

volume of fluid passing through unit area of pore throat in unit time as follow. 

o
o

o

Q
U

A
= , 

in which, Qo [m3/s] is the flow rate defined as the volume of fluid passing through the 

pore throat in unit time; Ao [m2] is the area of the pore throat. 

 
Figure 5. Schematics for pore element and pore throat discretized using Delaunay 

triangulation. 

 

The probability density distributions of pore flux rate in the voids of coarse 

skeleton were obtained for binary granular packings with various contents of finer 

particles, FC, and different size ratios, SR, as shown in Figure 6 It is noteworthy that the 

pore flux rate Uo was normalized by the mean value of pore flux rate mean(Uo) within 

the granular packing. It can be seen that the distributions of pore flux rate remain around 

constant for the normalized pore flux rate smaller than one, while they decay 

exponentially for normalized pore flux rate larger than one. The size ratio has little effect 

of the distribution. On the other hand, the exponential decay becomes pronounced and 

the distribution is obviously narrowed as the content of finer particles, FC, exceeds 

around 25%. It indicates that the pore flow flux within the voids of coarse skeleton 

becomes more uniform with the increase of FC. Shire et al. (2014) demonstrated that 

the packing fabric of binary packing gradually transits from underfilled to overfilled 

packings as the content of finer particles exceed 24% - 35%. That is to say, the 

distribution of pore flow flux within the voids of coarse skeleton changes obviously and 

tends to be uniform as the binary packing transits from underfilled to overfilled packings. 

It indicates that the pore structure of coarse skeleton has an obvious change and tends to 

be uniform with the transition from underfilled to overfilled packings in binary packings. 

 

Delaunay-triangulated elements

Flow direction  schematic

Coarse skeleton regions

Pore throat region

Pore body regions

Coarse 

particle
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 (a) SR = 10.5 (b) SR = 13.1 

Figure 6. Probability density distributions of pore flux rate for binary granular 

packings with various contents of finer particles, FC, and different size ratios, SR 

(the pore flux rate Uo was normalized by the mean value of pore flux rate 

mean(Uo) within the granular packing) 

 

CONCLUSIONS 
 

This study investigated the pore flow distribution in binary granular packings. For this 

purpose, a semi-resolved CFD-DEM model was adopted to obtain the probability 

density distributions of pore flow flux within the voids of coarse skeleton in typical 

binary sphere packings. The effects of content of finer particles and size ratio between 

coarser and finer particles were examined. Delaunay triangulation was used to discretize 

the voids of coarse skeleton into individual pore element and, thereby, facilitate the 

calculation of pore flow flux through each pore throat. 

The results reveal that the distribution of pore flow flux within the voids of 

coarse skeleton changes obviously and becomes more uniform with the transition of the 

binary packing from underfilled to overfilled packings (i.e., as the content of finer 

particles increases from 25% to 35%). It indicates a clear evolution in the pore structure 

of the coarse skeleton, which becomes more homogeneous with the transition from 

underfilled to overfilled packings. However, the particle size ratio has a negligible 

influence on the transition in the distribution. 
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