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A B S T R A C T

The Brazil Nut Effect is widely observed in both everyday life and industrial processes. Although extensive
research on segregation behaviour, the resulting changes in pore structure and flow properties remain inade-
quately explored. During particle segregation, the granular system evolves continuously, forming a complex
porous media. Understanding the impact of this evolving porous media on fluid transport is crucial across various
disciplines. In this study, the Discrete Element Method (DEM) is proposed to analyse the segregation process of
granular materials, and the Lattice Boltzmann Method (LBM) is employed to investigate the influence of
segregation on macroscopic and microscopic flow properties. The results indicate that particle segregation
initially develops rapidly and gradually stabilises, with the evolving contact information illustrating the
anisotropy of the granular system. Energy analysis reveals that segregation primarily occurs when the granular
material contacts the base. Pore structure analysis shows that pore diameters follow a lognormal distribution,
while throat diameters exhibit a bimodal distribution, and sphericity displays a trimodal distribution. As the
degree of segregation increases, the top layer experiences a rise in large particles, resulting in higher sphericity
and a reduction in pore spaces. Conversely, in the bottom layer, the aggregation of small particles results in lower
sphericity and a greater number of pores. Particle segregation induces anisotropic behaviour in the permeability
of porous media, with a significant increase in the horizontal direction and a slight decrease in the vertical di-
rection. The tortuosity of the porous media decreases noticeably in the horizontal direction, while exhibiting
minimal variation in the vertical direction. These findings underscore the influence of segregation on the pore
structure and flow properties of porous media, highlighting the necessity of understanding particle segregation in
granular mechanics.

1. Introduction

Granular material refers to aggregates of solid particles (He et al.
2019a; He et al. 2019b; Liu et al. 2022). In a static state, it behaves
similarly to a solid, maintaining a defined shape, possessing a specific
volume, and withstanding shear forces (Nguyen et al. 2021). Conversely,
in a dynamic state, it mirrors fluidic behaviour, allowing for free flow, as
observed in events like landslides and debris flows (Bui and Nguyen
2021; He et al. 2018). Moreover, Granular materials can undergo solid-
to-liquid phase transitions under external energy inputs, exemplified by
liquefaction in sandy soils (El-Sekelly et al. 2016; Wang et al. 2019).
Granular materials are therefore extremely complex and interesting.
They widely exist in both daily life and industrial processes. Naturally
occurring examples include stones, coal, and gravel, while they are also

found in consumables such as grains and fruits. Consequently, handling
significant amounts of granular materials holds crucial significance in
various production processes (Dai et al. 2022; Gao et al. 2022; Muresan
et al. 2011; Wu et al. 2017).

In recent years, the Brazil Nut Effect has attracted significant atten-
tion in the scientific literature (Dai et al. 2024; Metzger et al. 2011). In
simple terms, this phenomenon occurs when a mixture of nuts of
different sizes is subjected to vibrations, resulting in the largest nuts
rising to the top. While initially observed with nuts, this effect extends to
a broad range of granular mixtures. Researchers have been intrigued by
the behaviour of shaken granular mixtures, which seemingly defies
physical expectations. Despite the bottom of the container being in a
more energetically favourable position, larger particles ascend to the
surface. Beyond its widespread occurrence in nature, the Brazil Nut
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Effect poses challenges in industrial processes. Recent studies on size
segregation in rotating drums (Brandao et al. 2020), shear units (Cui
et al. 2021), and inclined chute flows (Panda and Tan 2020) have
revealed significant separation patterns. The Brazil Nut Effect observed
during the transportation and storage of coal further underscores its
industrial impact (Li et al. 2022; Liu et al. 2024). Achieving uniform
mixtures is essential in most industrial processes, but differences in
particle properties can lead to segregation processes, potentially causing
stratification of particle beds and significantly affecting the macro-
–micro properties. As this phenomenon gains increasing attention in
contemporary industrial applications, a deeper understanding of its
mechanisms and consequences becomes imperative. Experiments indi-
cate that the detailed behaviour of particle size separation, especially in
binary mixtures, appears highly complex (Bi et al. 2016). Granular
material properties and vibration parameters, such as diameter, friction
coefficient, vibrational frequency, and dimensionless acceleration (Γ =

A(2πf)2/g), are generally recognised as the main influencing factors (Dai
et al. 2024; Panda and Tan 2020; Qiao et al. 2021). The details and
parameter combinations contributing to the Brazil Nut Effect are still
under discussion. However, most current research on particle segrega-
tion primarily focuses on segregation behaviour and mechanism expla-
nations (Siman-Tov and Brodsky 2018). The consequences of
segregation, including the evolution of pore structure and corresponding
changes in flow properties, are still poorly understood.

Owing to the unique behaviour of particles in the segregation pro-
cess, the porous media shaped by the granular system evolves continu-
ously. Its microscopic structure and topological features exhibit a
complex formation, characterised by interconnected irregular pore
networks presenting a variety of shapes and sizes. Understanding the
influence of pore structure on fluid transport is critical for various in-
dustrial and environmental processes, spanning disciplines such as ge-
ology, engineering, chemistry, and physics. This comprehension holds
substantial applications in catalysis, separation and filtration, and the
migration of soil pollutants (Bertels and Willems 2023; Chen et al. 2024;
Dai et al. 2023). The underlying principles of these processes rely on the
flow of fluids through porous materials. For any of these processes,
modelling or predicting the impact of pore structure on flow properties
becomes essential. However, it is necessary to note that the pore struc-
ture is not static, especially in the Brazil Nut segregation process.
Consequently, a dynamic comprehension of the pore structure and flow
properties of granular systems becomes imperative, and our current
knowledge in this area remains limited.

Porous media, particularly natural formations like rocks and soils,
represent a diverse category of complex systems. Their pore spaces
exhibit significant disorder, featuring a broad range of pore size varia-
tions (Chen et al. 2023; Zhang et al. 2024). The complexity of porous
media emerges not only from the extensive range of pore sizes but also
from the tortuous paths they offer for fluid flow, which deviate from
strict linearity to encompass branching, meandering, and inter-
connected configurations (Feng et al. 2020b; Zhang et al. 2020). As
clarified and examined in earlier studies (Sobieski and Lipiński 2019;
Song et al. 2022), the flow paths of fluid are often considerably longer
than the minimum distance between their initial and final points. During
fluid flow through porous media, a complex multiscale phenomenon
unfolds, characterised by varying shapes and lengths of flow paths.
Tortuosity stands out as a key parameter providing a detailed descrip-
tion of the intricate microstructure within porous media. It plays a
critical role in influencing macroscopic flow characteristics, primarily
signifying the extent of fluid flow impeded by porous media. Due to the
intricate morphology of pore spaces, modelling the pore scale, as well as
the flow and transport processes within porous media, is considered a
highly complex task. Tortuosity, serving as a bridge between macro-
scopic infiltration or diffusion processes and the microscopic spatial
structure of porous media (Masís-Meléndez et al. 2014; Wu et al. 2018),
plays a unique and irreplaceable role. Therefore, understanding the
variations in tortuosity is particularly important and necessary for

designing and optimising the structure of porous media or compre-
hending flow.

Segregation significantly impacts the physical properties of granular
mixtures, including pore structure and permeability, which describe
fluid flow, along with tortuosity, representing the degree of winding and
twisting as the fluid passes through porous media. While it is acknowl-
edged that macroscopic properties of granular mixtures may exhibit
heterogeneity and anisotropy due to particle segregation, this phe-
nomenon remains unresolved. Hence, in this study, our interest lies in
understanding how the characteristics of granular mixtures, such as pore
structure, permeability, and tortuosity, are influenced by particle segregation
and packing. Our goal is to deepen the understanding of particle segre-
gation—an area that has received limited attention. Therefore, this
study establishes a numerical analysis framework for characterising the
evolution of pore structure during particle segregation and evaluating its
impact on the flow properties of granular materials. The structure of this
paper is as follows. Section 2 introduces the methods used in this study,
including the setup of the DEM model and the validation of the LBM
model. Section 3 provides an overall observation of particle segregation
to deepen the understanding of the segregation process and obtain
samples at different segregation states for subsequent analysis. The
impact of particle segregation on the pore structure, permeability, and
tortuosity of the samples is quantitatively analysed in Sections 4, 5, and
6, respectively. Finally, Section 7 summarises the main findings of this
study.

2. Methodology

The framework of this study is illustrated in Fig. 1. Initially, we use
the DEM model to generate a uniformly mixed binary mixture sample
and simulate the Brazil nut segregation. Granular systems exhibiting
different degrees of segregation represent typical states in the segrega-
tion process. Next, we extract and analyse the distribution of pore
characteristics for the samples at different segregation levels. Subse-
quently, Lattice Boltzmann simulations are performed to model fluid
flow in the porous medium of these samples. Finally, based on pore
geometry features and flow characteristics, we conducted a comparative
analysis of the tortuosity evolution in the granular system. The findings
of this research contribute to a fundamental understanding of the Brazil
Nut Effect, with a specific focus on aspects of the evolution of pore
structure and flow properties. It is worth noting that this study is con-
ducted as a combined investigation and does not consider the effects of
fluid interactions on particle segregation. Fluid-solid interactions could
have a significant impact on particle segregation and its consequences,
making this an important area for further exploration.

2.1. Discrete element method

The DEM is a powerful numerical technique for microscopic analysis,
commonly employed in the investigation of various phenomena,
including granular flow, segregation, and collisions (Chen et al. 2023;
Hazzar et al. 2020). In comparison to experimental methods, DEM
provides more detailed information about each individual particle. It is
noteworthy that studying particle segregation processes and analysing
their microstructural and flow properties through traditional laboratory
methods poses significant challenges. These challenges involve not only
disturbances to the studied samples but also the intricate cooperation of
various complex instruments. Therefore, the DEM is employed to
simulate particle segregation within a binary mixture (Cundall and
Strack 1979; Nie and Wang 2024; Qiu et al. 2024). In DEM simulations,
the translational and rotational motions of each particle are governed by
Newton’s second law of motion, given by:

mi
dv
dt

=
∑

j
Fji + f (1)
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Ii
dω
dt

=
∑

j
T (2)

where v and ω are the translational and angular velocities of the
considered particle, respectively; mi and Ii are the mass and the moment
of inertia of particle i, respectively; Fji represents the contact force

Fig. 1. The framework of this study.

Fig. 2. Simulation settings in the DEM: (a) bed of binary spherical particles; (b) Hertz-Mindlin contact model; (c) vibration curve.
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applied on particle i by particle j; f represents the resultant of the body
force; T represents the torque acting on the particle by its neighbouring
particles or walls.

Fig. 2 depicts the simulation setup, where the specimen comprises a
binary mixture of spherical particles initially arranged in a cubic
structure with a side length of 30 mm. A mixture with an initial porosity
of 0.4 is generated, comprising large particles (3 mm in diameter) and
small particles (1.5 mm in diameter), uniformly mixed in an equal vol-
ume ratio. It is important to note that particle shape can influence
segregation, and real granular materials often exhibit irregular shapes.
Nevertheless, spherical particles, as the most representative form, are
used in this study to provide some insights into particle segregation
mechanisms. In this study, the container size is approximately 13.3
times the median particle size, ensuring minimal boundary effects and
comprehensive capture of local particle behaviour (Guo and Zhao 2013;
He et al. 2020). Sinusoidal vertical vibrations are applied to the bottom
wall, controlled by Z = Asin(2πft), where the harmonic motion is char-
acterised by amplitude (A), vibration frequency (f), and time (t).
Although various experiments have examined the influence of these
factors (Qiao et al. 2021), our primary focus in this study is not their
impact. Thus, a vibration amplitude of 1.266 mm and a frequency of 20
Hz were applied, corresponding to a dimensionless vibration intensity of
Γ = 2. Under the influence of the vibration field, the granular system
undergoes Brazil Nut segregation, causing large particles to rise to the
top. In this work, the conventional Hertz-Mindlin contact model is used
to compute the interparticle forces (Hertz 1882; Mindlin 1949). Fig. 2b
outlines the basic principles of the Hertz-Mindlin contact model, which
is widely utilised for particle contact modelling in granular materials
and is proven to be highly successful (Amirifar et al. 2021). Table 1
summarises the basic parameters of the DEM simulation, primarily
based on sand parameters previously calibrated and utilised for nu-
merical studies of spherical particle packing (Dai et al. 2024; Feng et al.
2020a; Qiao et al. 2021). To investigate the segregation induced by

particle size variation, all particles in the DEM model share identical
properties except for differences in size.

2.2. Lattice Boltzmann method

Lattice Boltzmann simulation is conducted using Palabos (Latt et al.
2021), which is renowned for its high flexibility and parallelism,
enabling the handling of diverse fluid dynamics problems. The LBM
represents fluid as a discrete set of particles moving between nodes

along grid lines, following specific rules of streaming and collision until
convergence conditions or a specified number of time steps are reached.
Extensive discussions on LBM can be found in the literature (Stipić et al.
2022; Wang et al. 2023; Yin et al. 2022; Younes et al. 2023). In this
study, flow simulations are conducted on the porous media structure
obtained by DEM. The walls of the porous media are treated as reflective
boundary conditions. The lattice model employed here is suitable for 3D
and consists of 19 discrete velocities, known as D3Q19, as depicted in
Fig. 3 (Ding and Xu 2018; Indraratna et al. 2021; Yang et al. 2019). The
domain is segmented into cubic cells, each with a set of probability
distribution functions fi, which represent the density of fluid particles
passing through each of the 19 discrete velocities. The fluid particle
density at a specific position within the lattice is calculated using the
following expression:

ρ( x→) =
∑19

i=0
fi( x→) (3)

where, x→ refers to the position of the cell, specifically at its centre.
The velocity corresponding to each cell position can be defined by:

u→( x→) =

∑19
i=0fi( x

→
) e→i

ρ( x→)
(3)

where, e→i denotes the i-th discrete velocity (with i ranging from 0 to 19).
The D3Q19 set of discrete velocities can be expressed in matrix form as
follows:

The velocity along each direction is described by:

|ei| =

⎧
⎨

⎩

0i = 0
1 • ci = 1,2, 3⋯6̅̅̅
2

√
• ci = 7, 8, 9⋯18

(5)

where, c = δx/δt represents the characteristic lattice velocity, which is
determined by the grid spacing δx and the time step δt. The weight fac-
tors of the D3Q19 lattice are given by:

Table 1
Main parameters utilised in DEM simulations.

Parameter Value

Diameter of large particles, D (mm) 3
Diameter of small particles, d (mm) 1.5
Poisson’s ratio, v 0.25
Young’s Modulus, E (GPa) 1.0
Coefficient of restitution, e 0.1
Coefficient of static friction, μs 0.7
Coefficient of rolling friction, μr 0.01
Vibration intensity, Γ 2
Number of large particles, NL 565
Number of small particles, NS 4648
Porosity, n 0.4
Density of particles, ρ (g/cm3) 2600

E =

⎡

⎣
0 1 − 1
0 0 0
0 0 0

0 0 0
1 − 1 0
0 0 1

0 1 − 1
0 1 − 1
− 1 0 0

1 − 1 1
− 1 1 0
0 0 1

− 1 1 − 1
0 0 0
− 1 − 1 1

0 0 0
1 − 1 1
1 − 1 − 1

0
− 1
1

⎤

⎦ (4)

Fig. 3. A D3Q19 lattice structure for LBM simulations.
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ωi =

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

1
3
i = 0

1
18

i = 1,2, 3⋯6

1
36

i = 7, 8,9⋯18

(6)

At each time step, the particles at all nodes move along their respective
directions to adjacent nodes, undergo collisions, and form new particle
distributions. The change in density distribution before and after colli-
sions is typically calculated using a single-relaxation time approxima-
tion. Thus, in computation, each time step involves two operations:
streaming and collision. The streaming operation is expressed as:

fʹ(x+ eiδt , t+ δt) = fi(x, t) (7)

The collision operation is expressed as:

fi(x+ eiδt , t+ δt) = fʹ(x+ eiδt , t+ δt) −
[
fi(x, t) − f eqi (x, t)

]

τ (8)

Here, τ denotes the dimensionless relaxation time, and fieq refers to the
equilibrium distribution functions, which are dependent on the macro-
scopic variables, density (ρ) and velocity (u) at position x and time t.

These two operations can be unified as follows:

fi(x+ eiδt , t+ δt) − fi(x, t) = −

[
fi(x, t) − f eqi (x, t)

]

τ (9)

For the D3Q19 model, the equilibrium functions are:

f eqi (x, t) = ωiρ(x)

⎛

⎝1+3
e→i • u→

cs2
+9

( e→i • u→)
2

2cs4
−
3u2

2cs2

⎞

⎠ (9)

To validate the accuracy of the LBM program, simulations are conducted
to validate the pressure-driven flow in Body-Cantered Cubic (BCC) ar-
rays. The LBM domain consists of 200x200x200 cells, with periodic
boundary conditions applied on the sides. No-slip bounce-back bound-
ary conditions were used on the surface of obstacles, and pressure
conditions were set at the inlet and outlet. The fluid density is ρ = 1000
kg/m3, and the kinematic viscosity is μ = 1.01 × 10− 3 Pa⋅s. Fig. 4 pre-
sents the results for BCC arrays with porosities of 0.87 and 0.33, showing
flow paths and velocity profiles.

Based on the Kozeny-Carman equation (Carman 1956; Kozeny
1927), the permeability of porous media composed of spherical particles
can be expressed as:

K =
Aϕ3

(1 − ϕ)2
,A =

D2p
180

(10)

where, ϕ is the porosity. Dp is the diameter of the volume equivalent
spherical particle.

More in-depth research has been conducted on the permeability of
BCC structures (Eshghinejadfard et al. 2016; Sangani and Acrivos 1982),
and a comparison of the results obtained from these studies is presented
in Fig. 5. The findings show a good agreement between the simulations
conducted in this study and the relevant data. However, it is essential to
note that some differences are observed, particularly when the porosity
is either small or large. Within the porosity range studied in our

Fig. 4. Flow simulation in BCC arrays, with the porosity of (a) 0.87, and (b) 0.33.
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research, the model presented in this paper can be considered reliable.

3. Particle segregation observation

Under the influence of the vibration field, initially uniformly mixed
granular systems undergo Brazil Nut segregation, resulting in large

particles rising while small particles descend, forming a layered granular
system. Fig. 6 illustrates the segregation evolution of the binary mixture
subjected to vertical vibration. The graph depicts the segregation index
(Ds) and the normalised average height as functions of vibration cycles.
Here, Ds is defined as the degree of segregation, given by:

Ds = 2
hl − hs
hl + hs

(11)

Where, hp is the average height of particles of species p = l; s (hp =

(1/Np)
∑Np

i=1zi), here zi denotes the height of particle i relative to the
container base.

From Fig. 6, it is evident that initially, the large and small particles
are uniformly mixed, and their average heights are approximately 0.5,
resulting in a segregation index of 0. After 260 vibration cycles, the
average height of the large particles increases from 0.5 to 0.64, while the
small particles decrease from 0.5 to 0.39. That means faster separation
of large particles. Visual observation of the segregated granular system
reveals that some small particles remain retained at the upper part. This
is believed to be related to the migration and clogging process of fine
particles. The development of the segregation index also indicates that
the process undergoes rapid development in the initial stages, and
gradually slows down until reaching a stabilised state. In this study, the
granular system does not reach fully Brazil Nut segregation (the final Ds
= 0.52) even after 260 vibration cycles. The stable limit that particle
segregation can reach is considered to be influenced by various factors,
such as the particle diameter ratio, friction coefficient, vibration in-
tensity, etc. (Metzger et al. 2011). However, these factors are not the
focus of this research and will not be discussed further.

The granular system undergoes a continuous evolution from a uni-
formly mixed state to a Brazil Nut segregation state, constantly rear-
ranging particles to form new packing configurations and fabrics. The
contact between particles plays a crucial role in the internal force
transmission of the granular system. In this work, the binary mixture
system is categorised into large-large particle contacts (L-L), small–small
particle contacts (S-S), and large-small particle contacts (L-S) based on
their contact types. Fig. 7(a) illustrates the variation in the number of
different contact types with the degree of segregation. It can be observed
that as segregation occurs, large particles gather at the upper part of the
system, leading to a slight increase in the number of L-L contacts.
Similarly, small particles accumulate at the lower part, resulting in a
continuous increase in the number of S-S contacts. On the other hand,
the contacts between large and small particles steadily decrease, indi-
cating the segregation process. Fig. 7(b) shows the rose diagrams illus-
trating the directions of normal contact. In the initial sample, the
number of contacts is evenly distributed in spatial direction. As segre-
gation develops, the contacts initially become concentrated in the ver-
tical direction, followed by an increase in the horizontal direction,
ultimately forming an anisotropic distribution. These differences result
from the spatial structural evolution caused by particle segregation. It is
important to note that sufficient contact (coordination number) is
necessary to maintain particle stability in three-dimensional space.
During segregation, particles intermittently contact and separate. To
et al. (2016) found that a contact number below a certain threshold
indicates particle instability, which may be related to the mechanisms of
particle segregation. The study of contact behaviour is both intriguing
and valuable, warranting further exploration.

Energy analysis of the granular system is essential for a compre-
hensive understanding of particle interactions and the segregation pro-
cess, as depicted in Fig. 8. The potential energy (EP), with respect to the
centre of the container, is defined as:

EP =
∑N

i=1
mighi (12)

Fig. 5. Comparison of the results of the simulation and the literature
(Eshghinejadfard et al. 2016; Sangani and Acrivos 1982).

Fig. 6. Segregation evolution with vibration cycles.
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Here,N is the total number of particles considered;mi and hi are the mass
and height of particle i, respectively. Before segregation, EP corresponds
to the system’s total energy (E0). The kinetic energy (EK) can be divided
into translational kinetic energy (EKt) and rotational kinetic energy (EKr),
defined as:

EKt =
1
2
∑N

i=1
mi|vi|2 (13)

EKr =
1
2
∑N

i=1
Ii|ωi|

2 (14)

where, Ii = 0.4miri2 is the moment of inertia, ri is the particle radius, and
vi and ωi are the translational and rotational velocities, respectively.

Fig. 8 reveals that initially, the potential energy of large and small
particles is almost the same. However, as segregation occurs, the po-
tential energy of large particles increases, while that of small particles

decreases. This trend aligns with the change in the average height of
particles shown in Fig. 6. In the initial stage, when large and small
particles are uniformly mixed, the granular system behaves as a col-
lective entity under the influence of the vibrational field. Consequently,
at this stage, the translational kinetic energy between large and small
particles undergoes relatively consistent changes. At the onset of
segregation, the difference in translational motion between large and
small particles is minimal, while rotational kinetic energy exhibits the
largest difference. As segregation progresses and the granular system
changes, the difference in translational kinetic energy between large and
small particles becomes more noticeable. Large particles rise to the top,
gaining more freedom of movement, especially in areas where they are
more loosely packed, making it easier for them to rotate. In contrast,
small particles move to the bottom, where their ability to rotate is more
limited.

Fig. 9(a), (b), and (c) respectively show the evolution of potential
energy, translational kinetic energy, and rotational kinetic energy over

Fig. 7. Contact information of particles: (a) number of contacts; (b) contact normal distribution.

Fig. 8. Energy evolution during segregation.
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ten local sequential cycles during segregation (note that the vertical axis
scale in Fig. 9 differs from that in Fig. 8). The overall granular system
undergoes sinusoidal motion with the vibrational field, resulting in a
sinusoidal trend in potential energy. The energy input from the bottom
vibrating plate is transient. Therefore, within a single cycle, potential
and kinetic energies undergo mutual conversion, with kinetic energy
exhibiting an approximate cosine variation. The primary motion of the
granular system is translational, and rotational kinetic energy is rela-
tively small. Rotational motion among particles mainly occurs during
the descent of the granular system when it contacts the bottom plate.
During this period, granular system receives energy input from the
bottom plate, and the rotational motion is evident due to collisions and
contact with the bottom plate. By the 100th cycle, the difference in
potential energy between large and small particles becomes apparent,
indicating clear particle segregation. The translational kinetic energy of
large and small particles remains mostly consistent, diverging only when
the granular system contacts the bottom plate. Furthermore, significant
differences in rotational kinetic energy have been observed. When large
and small particles maintain coordinated motion, there is minimal
segregation occurring. Hence, it can be inferred that segregation pri-
marily occurs during the descent phase. During this period, translational
and rotational kinetic energies of the granular system undergo signifi-
cant changes. The continuous relative displacement in each cycle in-
duces motion among particles, leading to alterations in the spatial
position and structure of the granular system.

4. Pore structure

The profound impact of pore structure on transport processes is a
distinctive characteristic shared by all porous materials. Even among
materials with the same porosity, variations in transport characteristics
can be substantial, owing to factors such as spatial distribution, con-
nectivity, shape, and size distribution of the pores (Bakhshian et al.
2019; Ishiyama et al. 2023). Due to this significant dependence on pore

structure, visualisation emerges as a crucial element in the analysis of
porous media (Yamamoto et al. 2023). In this study, the impact of
particle segregation on pore characteristics is investigated by extracting
the pore network from the porous structure. Pore network extraction is a
methodology that models continuous pore structure as localised, iso-
lated pore bodies (pores) and their connecting regions (throats). During
this process, each identified subregion corresponds to a pore body
within the extracted pore network, and these subregions are inter-
connected by narrow interfaces, corresponding to throat connections.
Various methods, such as the medial axis-based method (Lindquist et al.
1996), maximum ball-based method (Xiong et al. 2022), and watershed
segmentation method (Gostick 2017; Zhao et al. 2020), can be employed
for extracting the pore network from real porous geometric structures. In
this study, the watershed segmentation method is utilised to decompose
the porous medium into subregions and to extract the pore network. As
depicted in Fig. 10, the watershed method is applied to segment the pore
space of the porous medium and reconstruct the pore structure. This
methodology has been implemented in the open-source algorithm
SNOW (Gostick 2017). Previous research has demonstrated a good level
of consistency between statistical size of the pore geometries extracted
from experimental and DEM samples.

The pore structure undergoes evolution in the granular system dur-
ing the segregation process. To quantitatively analyse the differences in
the network, a series of parameters are calculated for granular systems at
different degrees of segregation, including pore diameters, throat di-
ameters, and sphericity, as illustrated in Fig. 11. Sphericity is an index
measuring the spherical nature of pore shapes, defined as:

Sphericity =
π1/3(6Vol)2/3

A
(15)

where, Vol and A are the volume and surface area of the pores,
respectively.

It should be noted that pore networks are different from concepts like
constrictions (To et al. 2016b, To et al., 2018, To et al., 2020). They

Fig. 9. Evolution of (a) potential energy, (b) translational kinetic energy, and (c) rotational kinetic energy during ten local sequential cycles.
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primarily rely on precise partitioning of the image space, which remains
a significant challenge. In the case of complex pore spaces, the distance
transform can show local maxima, potentially leading to over-
segmentation and errors in the identification of pores and throats.
Moreover, methods based on equivalent volume may overestimate the
actual size of pores (To et al. 2012). Despite these limitations, the pore
network method still provides valuable insights into the evolution of
pore structure during the particle segregation process. The extracted
network presented in 1st row of Fig. 11 demonstrates the evolution of
the internal pore structure. In the initial granular system, characterised
by a uniform distribution of large and small particles, the distribution of
pore structures remains relatively even. However, as segregation takes
place, large particles accumulate in the upper part. Consequently, their
void volumes become relatively larger, and the number of pores and
throats decreases. Data statistics reveal that pore diameters roughly

follow a lognormal distribution (2nd row in Fig. 11), with an average
diameter of approximately 1 mm. Throat diameters, noticeably smaller
than pore diameters, exhibit a bimodal distribution. Ren and Santa-
marina (2018) clarified that the throat radius is approximately half of
the pore radius, aligning with the findings of this study. The sphericity of
pore structures demonstrates a trimodal distribution, with one dominant
peak. As the degree of segregation increases, the evolution of pore
structure characteristics is not apparent. This phenomenon is accept-
able, as segregation merely prompts particle rearrangement, primarily
influencing local structure without substantial alterations to the overall
configuration.

Further examination of the local structure evolution, depicted in
Fig. 12, illustrates the distribution of pore diameter and sphericity. The
structure is subdivided uniformly into top, middle, and bottom sections
along the Z-axis for individual statistical analysis. When the segregation

Fig. 10. Reconstruction of the pore structure using the watershed method: (a) packing of granular material; (b)pore extraction, where black indicates the solid
matrix, coloured regions represent void pore spaces, and boundaries between coloured regions indicate pore boundaries identified using the watershed method; and
(c) final pore networks constructed.

Fig. 11. Evolution of overall pore structure during particle segregation.
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degree is 0, the granular system exhibits uniform distribution overall,
resulting in similar distributions of pore diameter and sphericity across
the top, middle, and bottom sections. However, as segregation pro-
gresses, large particles tend to aggregate towards the top layer, while
small particles aggregate in the bottom layer. This leads to a mixture of
large and small particles moving within the middle layer, thereby
generating distinct pore structures. In the top layer, the increase of large
particles promotes the formation of larger pores, leading to a reduction
in pore count while increasing the number of pores exhibiting higher
sphericity. Conversely, in the bottom layer, the aggregation of small
particles facilitates the formation of intricate smaller pores, thereby
increasing the pore count while decreasing the number of pores with
higher sphericity. The middle layer represents an intermediate state
between the top and bottom layers, demonstrating a slight increase
followed by a decrease in pore diameter and sphericity distribution.
However, these alterations in the middle layer are minor.

5. Flow properties

Particle segregation causes large particles to aggregate in the upper
part of the system, leading to a noticeable increase in pore and throat
sizes. Conversely, small particles gather in the lower part, resulting in
the opposite effect. The permeability of porous media is believed to be
closely related to pore distribution, and with the increase in pore and
throat sizes, permeability is expected to rise, and vice versa. In our
study, the overall porosity of the porous media remains consistent, but
there are localised increases in the upper part and decreases in the lower
part. This complexity in pore structure makes predicting overall
permeability challenging. Additionally, particle segregation introduces
notable anisotropy to the particle distribution, potentially causing var-
iations in both vertical and horizontal flow within the pore space. The
pore structure significantly influences the flow within the pore space,
posing challenges for the analysis of flow characteristics at both macro
and micro scales. Therefore, as depicted in Fig. 13, the flow simulations
in vertical and horizontal orientations for porous media are conducted

Fig. 12. Evolution of local pore structure during particle segregation.

Fig. 13. Scheme of flow simulation.
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under different states of segregation, aiming to investigate the influence
of particle segregation on the anisotropy of flow properties.

In this section, a series of LBM simulations is conducted to investigate
fluid flow in porous media at various degrees of segregation. In the
simulations presented below, periodic boundaries are employed on the
lateral sides, no-slip bounce-back boundary conditions are applied on
obstacle surfaces, and pressure conditions are set at the inlet and outlet.
Flow characteristics in the pore space under low Reynolds numbers are
captured by gradually changing the pressure difference between the
inlet and outlet. The relaxation time is set to τ = 1, and the kinematic
viscosity is ν = 1/6 (in lattice units). The influence of grid size on
computational accuracy is investigated using the uniformly distributed
sample (Ds = 0), considering their smaller and more complex pore
structure. Multiple simulations are performed at different grid resolu-
tions, and the results are presented in Fig. 14. These findings indicate
that grid resolution has a notable impact on fluid flow in porous media,
with permeability gradually stabilising as the grid becomes finer. While
there are slight variations in the simulation results with further refine-
ment, these deviations are considered acceptable. To ensure the stability
and reliability of the results, a grid density of 500 × 500 × 500 is used
for subsequent porous models in the flow simulations.

Permeability.
The permeability results of the granular system in both horizontal

and vertical directions are presented in Fig. 15, obtained from six
repeated simulations conducted at different Reynolds numbers for each
sample. Permeability was calculated using Darcy’s law, with low Rey-
nolds number laminar flow maintained by controlling the pressure
boundary conditions. The simulations were run on an Intel Xeon E-
2488G processor (3.2 GHz base frequency), with each LBM simulation
taking approximately 12 h, depending on the sample structure and
boundary conditions. The results are normalised via the permeability
coefficient of the system at Ds = 0. It is evident from the results that
particle segregation induces an increase in permeability in the hori-
zontal direction, while the permeability in the vertical direction expe-
riences a slight decrease followed by a relatively constant behaviour. As
discussed earlier, particle segregation causes large particles to aggregate
in the upper layer, leading to increased local porosity in that region.
Consequently, during horizontal flow, there is a preferential flow
through the porous media towards areas with larger pores, as will be
demonstrated in the velocity profile below. In contrast, during vertical
flow, the aggregation of small particles in the lower part leads lower
local porosity, and overall smaller permeability. Overall, the occurrence
of segregation introduces anisotropy in the pore structure, resulting in
variations in permeability.

Velocity profile.
The spatial distribution of porous media significantly influences pore

flow. Figure 16 illustrates the velocity results during the vertical flow
process as porous media evolves with particle segregation, showcasing
cross-sections of representative samples. As depicted in Figure 16(b),
similar to the evolution of permeability, the fluid almost uniformly flows
through the pore space in the flow domain, suggesting that particle
segregation has a minimal impact on vertical flow. A more detailed
examination of velocity distribution is presented in Figure 16(c, d),
revealing higher local velocities near the boundaries (sections I-I and III-
III). This phenomenon can be attributed to the combined effects of
particle distribution and boundaries.

Fig. 17 illustrates the velocities profile in horizontal flow. The dis-
tribution of pores in porous media significantly influences the flow
patterns, and the differences in horizontal flow of porous media under
different segregation states become more pronounced. As particle
segregation occurs, higher velocities are observed in the upper part of
the porous media, where the pores and throats are larger, and the
reverse is true for the lower part. Additionally, according to Fig. 17(c, d),
fluid flowing through large pore pathways (section I-I) obtains higher
velocities than fluid flowing through small pore pathways, indicating a
preferential flow. This result is consistent with flow through parallel
pipes, where, due to lower flow resistance, fluid travels at higher speeds
through larger pathways. These findings highlight the significant impact
of pore structure evolution due to particle segregation on the anisotropy
of porous media permeability.

6. Tortuosity

The complex structure of porous media creates intricate pathways for
fluid flow, electrical conduction, and molecular diffusion, all of which
significantly impact their transport behaviours. Tortuosity is a key
parameter used to describe these properties, encompassing various types
such as geometric tortuosity (Tg), hydraulic tortuosity (Th), electrical
tortuosity (Te), and diffusion tortuosity (Td). The relative magnitudes of
these tortuosities were believed to follow the order Tg< Td≈ Te< Th (Fu
et al. 2021; Ghanbarian et al. 2013). However, due to a lack of direct
comparisons, these relationships are still unclear. Notably, despite dif-
ferences in conceptual backgrounds, most tortuosity models are
considered functions of porosity. In this study, our focus is specifically
on exploring the differences between hydraulic and geometric tortuos-
ity, with the aim of investigating the impact of particle segregation on
the tortuosity of porous media.

Fig. 14. Permeability evolution for different grid resolutions.

Fig. 15. Permeability results from numerical simulations.
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Geometry tortuosity.
Geometric tortuosity can be considered as a microscopic structural

feature as it is determined by the geometric and morphological attri-
butes of the porous media (Zhang et al. 2020). Various image analysis
methods have been developed to evaluate the geometric tortuosity of
digital microstructures of porous media, such as the Direct Shortest Path
Search Method (DSPSM) (Stenzel et al. 2016), and Pore Centre Method
(PCM) (Kaczmarek et al. 2017). These image-based methods directly
operate on pixel/voxel data, making them generally easy to implement
and computationally efficient. In this study, a numerical algorithm
known as the Path Tracking Method (PTM) is employed to compute the
geometric tortuosity of the granular system, particularly suitable for
spherical-packed media (Sobieski et al. 2018; Sobieski and Lipiński
2019). The algorithm can identify the shortest paths in a given direction
starting from a specified position. It calculates geometric tortuosity (Tg
= L/L0) as the ratio of the actual path length (L) of the space to the
straight-line path length (L0), which corresponds to the height of the
sample. In this study, the bottom surface of the particle bed is divided
into a regular grid of initial starting points (100 × 100). Subsequently,
the lengths of 10,000 paths are calculated, and the average length is
used to compute the geometric tortuosity of the porous media. As
illustrated in Fig. 18, the plots of geometric tortuosity for selected cases
(Fig. 18 a ~ b) indicate variations depending on the starting point of the
path. Notably, regions with the same geometric tortuosity value are

distinctly visible, as paths starting from nearby points often traverse the
same or partially the same pore channels (Fig. 18 c).

Hydraulic tortuosity.
Contrary to geometric tortuosity, which characterises the micro-

structure of pores, hydraulic tortuosity focuses on the transport pro-
cesses occurring within the microstructure. Numerical simulations of
porous media can be performed to model various transport phenomena
at the pore scale, thereby calculating the corresponding hydraulic tor-
tuosity. The flow flux within porous media exhibits continuous variation
along the flow path, influenced by factors such as cross-sectional area,
shape, orientation, and branching. This complexity results in intricate
pore-scale flow dynamics. As depicted in Fig. 19, local flow paths with
relatively high velocities are clearly observed. Under similar conditions,
material transport tends to occur through straighter and faster channels.
In comparison with geometric tortuosity, hydraulic tortuosity can be
influenced by preferential flows. In this study, the hydraulic tortuosity
(Th) is calculated using the vector-based tortuosity method (VTM), as
introduced by Duda et al. (2011). This method is widely employed for
evaluating hydraulic tortuosity, expressed as:

Th =
∫
v(r)dΩ

∫
vx(r)dΩ

=
〈V〉
〈Vx〉

(16)

where vx(r) represents the velocity component parallel to the macro-
scopic flow direction at point r, and 〈…〉 is a spatial average over the

Fig. 16. (a) Schematic diagram of vertical flow, (b) evolution of the velocity profile at the centre section with the degree of segregation, (c) velocity profile with Ds =

0.1, and (d) velocity profile with Ds = 0.4.

Fig. 17. (a) Schematic diagram of horizontal flow, (b) evolution of the velocity profile at the centre section with the degree of segregation, (c) velocity profile with
Ds = 0.1, and (d) velocity profile with Ds = 0.4.
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pore space Ω. The hydraulic tortuosity is determined from the steady-
state fluid velocity field.

In the previous sections, we demonstrated the seepage anisotropy
induced by particle segregation, showcasing the evolution of complex
pore structures and permeability. In this section, utilising the previously
outlined tortuosity calculation methods, tortuosity for granular systems
with different degrees of segregation is computed. Fig. 20(a) displays the
obtained vertical and horizontal tortuosity values. The results indicate
that tortuosity varies with the particle structure. In the initially uni-
formly mixed granular system, vertical and horizontal tortuosities
exhibit similar values. However, as the granular system undergoes
continuous segregation, a notable difference in tortuosity between
different directions occurs, with horizontal tortuosity decreasing more
significantly than vertical tortuosity. Consistent with prior research
(Ghanbarian et al. 2013), hydraulic tortuosity is larger than geometric
tortuosity, highlighting the complexity of material transport.

As a quantifiable index reflecting the complexity of pore structures,
tortuosity is closely related to the permeability characteristics of porous
media. Early studies found a positive relationship between tortuosity
and porosity, leading to the establishment of a series of mathematical
expressions relating porosity and tortuosity (Song et al. 2022; Zhang
et al. 2020). Fig. 20(b) illustrates a comparison of results from several

studies (Abderrahmene et al. 2017; Comiti and Renaud 1989; Dai et al.
2021; Millington 1959; Zhang et al. 2020). While these expressions
provide straightforward representations of tortuosity that moderately
align with experimental results, they overlook the impact of pore
structure induced by particle arrangement on tortuosity. Consequently,
there are variations in tortuosity expression results across different
literature. In reality, the spatial arrangement of soil particles is highly
complex. Changes in particle arrangement, even at the same porosity,
have a significant impact on tortuosity. Particle segregation is a typical
example of such particle rearrangement.

7. Conclusions

In this study, a numerical analysis framework is established to
investigate the complex dynamic behaviour during particle segregation
and assess its impact on pore structure, flow properties, and tortuosity of
the porous media. The conclusions drawn from this research are as
follows:

The study reveals a continuous evolution process from a uniformly
mixed state to Brazil Nut segregation states. Detailed analysis of particle
distribution and energy evolution explains the mechanisms of this
phenomenon. The granular system does not achieve complete

Fig. 19. Flow paths in porous media.

Fig. 18. Geometric tortuosity in porous media: (a) highlighted geometric path, with particles depicted in a reduced size; (b) geometric paths and the particles they
pass through; (c) geometric tortuosity within a 100 × 100 grid.
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segregation (final Ds = 0.52), with large particles segregating faster.
Segregation primarily occurs when the granular material contacts the
base, where a significant energy difference between large and small
particles is observed.

Statistical analysis of the pore structure shows that pore diameters
follow a lognormal distribution, with an average diameter of about 1
mm. In contrast, throat diameters exhibit a bimodal distribution, and
sphericity follows a trimodal distribution with a distinct main peak.
Segregation primarily affects local changes, with minimal impact on the
overall distribution of pore structure. As segregation progresses, in the
top layer, the accumulation of large particles reduces the pore count and
increases sphericity. Conversely, in the bottom layer, the aggregation of
small particles increases the pore count and decreases sphericity. The
middle layer serves as an intermediate state. These changes present
challenges for accurately predicting flow properties.

Particle segregation significantly affects flow properties, resulting in
notable changes in permeability and velocity distribution. The aggre-
gation of large particles in the upper part of the system increases hori-
zontal permeability, while the accumulation of small particles in the
lower part slightly decreases vertical permeability. The anisotropy
induced by particle segregation adds complexity to predicting fluid flow
in the pore space. A detailed comparative analysis of geometric and
hydraulic tortuosity reveals that particle segregation reduces horizontal
tortuosity while vertical tortuosity changes minimally.

The findings of the study contribute to a fundamental understanding
of the Brazil Nut effect, providing insights into the evolution of pore
structure and flow properties. The implications of this research are
broad, covering multiple domains, including separation, filtration, pe-
troleum recovery, and soil pollution migration. In these fields, where the
dynamics of granular materials play a pivotal role in fluid transport, the
outcomes of this investigation provide potential applications.
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France: Société Hydrotechnique de France (SHF).

To, H.D., Galindo-Torres, S.A., Scheuermann, A., 2016a. Sequential sphere packing by
trilateration equations. Granular Matter 18 (3), 70. https://doi.org/10.1007/
s10035-016-0666-5.

To, H.D., Scheuermann, A., Galindo-Torres, S.A., 2016b. Probability of Transportation of
Loose Particles in Suffusion Assessment by Self-Filtration Criteria. J. Geotech.
Geoenviron. Eng. 142 (2), 04015078. https://doi.org/10.1061/(ASCE)GT.1943-
5606.0001403.

To, P., Scheuermann, A., Williams, D.J., 2018. Quick assessment on susceptibility to
suffusion of continuously graded soils by curvature of particle size distribution. Acta
Geotech. 13 (5), 1241–1248. https://doi.org/10.1007/s11440-017-0611-8.

Wang, R., Fu, P., Zhang, J.-M., Dafalias, Y.F., 2019. Fabric characteristics and processes
influencing the liquefaction and re-liquefaction of sand. Soil Dynamics and
Earthquake Engineering 125, 105720. https://doi.org/10.1016/j.
soildyn.2019.105720.

S. Dai et al. Journal of Hydrology 652 (2025) 132651 

15 

https://doi.org/10.1029/2021JF006372
https://doi.org/10.1016/j.compgeo.2024.106236
https://doi.org/10.1016/j.powtec.2018.05.006
https://doi.org/10.1103/PhysRevE.84.036319
https://doi.org/10.1061/(ASCE)GT.1943-5606.0001444
https://doi.org/10.1061/(ASCE)GT.1943-5606.0001444
https://doi.org/10.1016/j.ijheatfluidflow.2016.05.010
https://doi.org/10.1016/j.ijheatfluidflow.2016.05.010
https://doi.org/10.1139/cgj-2018-0703
https://doi.org/10.1016/j.jhydrol.2020.124856
https://doi.org/10.1016/j.jhydrol.2020.124856
https://doi.org/10.1016/j.earscirev.2020.103439
https://doi.org/10.1016/j.earscirev.2020.103439
https://doi.org/10.1061/(ASCE)GT.1943-5606.0002796
https://doi.org/10.2136/sssaj2012.0435
https://doi.org/10.2136/sssaj2012.0435
https://doi.org/10.1103/PhysRevE.96.023307
https://doi.org/10.1103/PhysRevE.96.023307
https://doi.org/10.1016/j.compgeo.2012.07.002
https://doi.org/10.1016/j.compgeo.2012.07.002
https://doi.org/10.1016/j.powtec.2019.09.095
https://doi.org/10.1016/j.powtec.2019.09.095
https://doi.org/10.1680/jgeot.16.P.221
https://doi.org/10.1007/s10035-019-0868-8
https://doi.org/10.1007/s10035-019-0869-7
https://doi.org/10.1007/s10035-019-0990-7
http://refhub.elsevier.com/S0022-1694(24)02047-X/h0170
https://doi.org/10.1061/(ASCE)GM.1943-5622.0001997
https://doi.org/10.1061/(ASCE)GM.1943-5622.0001997
https://doi.org/10.1007/s11242-023-01958-w
https://doi.org/10.1515/sgem-2017-0002
https://doi.org/10.1016/j.camwa.2020.03.022
https://doi.org/10.1016/j.camwa.2020.03.022
https://doi.org/10.1016/j.fuel.2022.123645
https://doi.org/10.1029/95JB03039
https://doi.org/10.1007/s10035-021-01168-5
https://doi.org/10.1007/s10035-021-01168-5
https://doi.org/10.1016/j.partic.2024.01.006
https://doi.org/10.1016/j.partic.2024.01.006
https://doi.org/10.1016/j.jhydrol.2014.02.063
https://doi.org/10.1016/j.jhydrol.2014.02.063
https://doi.org/10.1016/j.powtec.2010.08.062
https://doi.org/10.1016/j.powtec.2010.08.062
http://refhub.elsevier.com/S0022-1694(24)02047-X/h0230
http://refhub.elsevier.com/S0022-1694(24)02047-X/h0230
http://refhub.elsevier.com/S0022-1694(24)02047-X/h0235
http://refhub.elsevier.com/S0022-1694(24)02047-X/h0235
https://doi.org/10.1016/j.jhydrol.2011.09.009
https://doi.org/10.1016/j.compgeo.2021.104325
https://doi.org/10.1016/j.jhydrol.2024.131688
https://doi.org/10.1016/j.jhydrol.2024.131688
https://doi.org/10.1016/j.apt.2019.11.013
https://doi.org/10.1016/j.apt.2019.11.013
https://doi.org/10.1016/j.powtec.2020.12.064
https://doi.org/10.1016/j.jhydrol.2024.131162
https://doi.org/10.1016/j.enggeo.2017.11.022
https://doi.org/10.1016/j.enggeo.2017.11.022
https://doi.org/10.1016/0301-9322(82)90047-7
https://doi.org/10.1016/0301-9322(82)90047-7
https://doi.org/10.1029/2018GL078486
https://doi.org/10.1007/s10035-019-0866-x
https://doi.org/10.1007/s10035-018-0842-x
https://doi.org/10.1016/j.powtec.2021.117047
https://doi.org/10.1002/aic.15160
https://doi.org/10.1016/j.jhydrol.2022.127472
https://doi.org/10.1007/s11440-020-01064-x
https://doi.org/10.1007/s11440-020-01064-x
https://doi.org/10.1007/s10035-016-0666-5
https://doi.org/10.1007/s10035-016-0666-5
https://doi.org/10.1061/(ASCE)GT.1943-5606.0001403
https://doi.org/10.1061/(ASCE)GT.1943-5606.0001403
https://doi.org/10.1007/s11440-017-0611-8
https://doi.org/10.1016/j.soildyn.2019.105720
https://doi.org/10.1016/j.soildyn.2019.105720


Wang, J.-P., Liu, T.-H., Wang, S.-H., Luan, J.-Y., Dadda, A., 2023. Investigation of
porosity variation on water retention behaviour of unsaturated granular media by
using pore scale Micro-CT and lattice Boltzmann method. Journal of Hydrology 626,
130161. https://doi.org/10.1016/j.jhydrol.2023.130161.

Wu, M., Cheng, Z., Wu, J., Wu, J., 2017. Quantifying representative elementary volume
of connectivity for translucent granular materials by light transmission micro-
tomography. Journal of Hydrology 545, 12–27. https://doi.org/10.1016/j.
jhydrol.2016.11.063.

Wu, M., Wu, J., Wu, J., Hu, B.X., 2018. A three-dimensional model for quantification of
the representative elementary volume of tortuosity in granular porous media.
Journal of Hydrology 557, 128–136. https://doi.org/10.1016/j.
jhydrol.2017.12.030.

Xiong, Y., Dong, L., Long, X., Chen, M., Huang, G., 2022. Pore-network model to quantify
internal structure and hydraulic characteristics of randomly packed grains with
different morphologies. Granular Matter 24 (1), 10. https://doi.org/10.1007/
s10035-021-01174-7.

Yamamoto, K., Ishiyama, K., Harada, S., 2023. Quantitative Evaluation of the Pore
Characteristics in Platelet Particle Beds by Pore Network Modeling. Transp Porous
Med 150 (1), 89–108. https://doi.org/10.1007/s11242-023-01997-3.

Yang, G.C., Jing, L., Kwok, C.Y., Sobral, Y.D., 2019. A comprehensive parametric study of
LBM-DEM for immersed granular flows. Computers and Geotechnics 114, 103100.
https://doi.org/10.1016/j.compgeo.2019.103100.

Yin, P., Song, H., Ma, H., Yang, W., He, Z., Zhu, X., 2022. The modification of the Kozeny-
Carman equation through the lattice Boltzmann simulation and experimental
verification. Journal of Hydrology 609, 127738. https://doi.org/10.1016/j.
jhydrol.2022.127738.

Younes, N., Wautier, A., Wan, R., Millet, O., Nicot, F., Bouchard, R., 2023. DEM-LBM
coupling for partially saturated granular assemblies. Computers and Geotechnics
162, 105677. https://doi.org/10.1016/j.compgeo.2023.105677.

Zhang, S., Yan, H., Teng, J., Sheng, D., 2020. A mathematical model of tortuosity in soil
considering particle arrangement. Vadose Zone J. 19 (1). https://doi.org/10.1002/
vzj2.20004.

Zhang, Z., Zhang, Z., Lu, W., Guo, H., Liu, C., Ning, F., 2024. Pore-scale investigations of
permeability of saturated porous media: Pore structure efficiency. Journal of
Hydrology 637, 131441. https://doi.org/10.1016/j.jhydrol.2024.131441.

Zhao, J., Qin, F., Derome, D., Carmeliet, J., 2020. Simulation of quasi-static drainage
displacement in porous media on pore-scale: Coupling lattice Boltzmann method and
pore network model. Journal of Hydrology 588, 125080. https://doi.org/10.1016/j.
jhydrol.2020.125080.

S. Dai et al. Journal of Hydrology 652 (2025) 132651 

16 

https://doi.org/10.1016/j.jhydrol.2023.130161
https://doi.org/10.1016/j.jhydrol.2016.11.063
https://doi.org/10.1016/j.jhydrol.2016.11.063
https://doi.org/10.1016/j.jhydrol.2017.12.030
https://doi.org/10.1016/j.jhydrol.2017.12.030
https://doi.org/10.1007/s10035-021-01174-7
https://doi.org/10.1007/s10035-021-01174-7
https://doi.org/10.1007/s11242-023-01997-3
https://doi.org/10.1016/j.compgeo.2019.103100
https://doi.org/10.1016/j.jhydrol.2022.127738
https://doi.org/10.1016/j.jhydrol.2022.127738
https://doi.org/10.1016/j.compgeo.2023.105677
https://doi.org/10.1002/vzj2.20004
https://doi.org/10.1002/vzj2.20004
https://doi.org/10.1016/j.jhydrol.2024.131441
https://doi.org/10.1016/j.jhydrol.2020.125080
https://doi.org/10.1016/j.jhydrol.2020.125080

	Evolution of pore structure and flow properties in particle segregation
	1 Introduction
	2 Methodology
	2.1 Discrete element method
	2.2 Lattice Boltzmann method

	3 Particle segregation observation
	4 Pore structure
	5 Flow properties
	6 Tortuosity
	7 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Data availability
	References


