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A B S T R A C T

Understanding fluid-particle interactions is crucial due to their occurrence in both natural phenomena and en
gineering applications, but accurately capturing these interactions presents considerable challenges. The 
complexity escalates when accounting for the natural shape of particles, prompting the development of nu
merical solutions to address these complexities. Here, we propose a numerical framework that combines 
Smoothed Particle Hydrodynamics (SPH) with the Imaged-based Discrete Element Method (iDEM) to model the 
fluid and particle components, respectively, while considering the actual shape of particles. Initially, we vali
dated our approach by simulating sphere and cube water entry cases, confirming the method’s accuracy. Later, 
we applied the coupling scheme to a more complex scenario of a dam break, involving irregular and cubic grains 
of equivalent mass and volume. Our results demonstrate the effectiveness of the proposed scheme in capturing 
the actual shape of grains and elucidate the influence of particle shape on various fluid parameters. We found 
that fluid movement is facilitated more in cubic packs due to reduced interlocking and increased surface area, 
resulting in higher fluid and particle velocities and enhanced displacement in cube-shaped grains. These findings 
deepen our understanding of fluid-particle interactions in complex systems and the significance of particle shape 
in such analyses.

1. Introduction

Fluid-particle interactions can be seen in a wide range of engineering 
problems, such as landslides (Amir Hosseini and Tahmasebi, 2023; 
Ataie-Ashtiani and Shobeyri, 2008), dam breaks (Ancey et al., 2013; Lai 
et al., 2023; Shakibaeinia and Jin, 2011), Debris flow (Kong et al., 2022; 
Meng and Wang, 2016; Pastor et al., 2023; Wang et al., 2016), sandpiles 
(Zhang and Tahmasebi, 2022a), etc. Understanding these interactions is 
essential for analyzing and potentially predicting such phenomena. In 
these problems, the presence of the fluid phase adds complexity to the 
system, as the fluid can alter the arrangement and motion of particles. 
For instance, in scenarios like dam breaks, the fluid alone can induce 
particle movement, leading to system instability. Predicting such sys
tems with precision is challenging due to the intricate nature of fluid- 
particle interactions. Moreover, in real-world scenarios, particles often 
exhibit irregular shapes, further complicating the analysis. While 
experimental investigations offer insights into fluid-particle in
teractions, monitoring these interactions can be costly and prone to 
inaccuracies due to equipment limitations and not being able to observe 

every single phenomenon. Hence, numerical methods serve as a valu
able alternative for capturing these interactions with the desired level of 
accuracy. A comprehensive review on the available experimental and 
computational methods along with the recent developments across 
different fields and applications can be found elsewhere (Tahmasebi, 
2023).

As previously mentioned, numerical methods must effectively 
address three distinct aspects of a fluid-particle system: (i) parti
cle–particle interactions, (ii) fluid-particle interactions, and (iii) fluid 
movement. To address the first aspect, the Discrete Element Method 
(DEM) has emerged as a powerful tool for modeling particle–particle 
interactions in various applications (Cundall and Strack, 1979). Tradi
tionally, DEM calculates the trajectory of individual particles in the 
domain based on Newton’s second law of motion, treating each particle 
as a discrete entity. However, conventional DEM approaches typically 
represent particles as spheres, overlooking their actual shapes 
(Tahmasebi, 2018). To overcome this limitation, several techniques 
have been developed to incorporate the natural shapes of particles 
(Kawamoto et al., 2018, 2016; Zhao et al., 2023). Among these methods, 
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the multi-sphere approach is widely used (Angelidakis et al., 2021; 
Farivar et al., 2020; Li et al., 2015; Liu et al., 2021; Zhou et al., 2017), 
where a cluster of overlapped spheres is employed to approximate the 
particle’s shape. Despite its popularity, this method has drawbacks, 
including increased computational costs due to the need for numerous 
overlapping spheres to mimic complex particle shapes. Moreover, it 
struggles to accurately represent particles with complex convex or 
concave features. Alternative methods such as polyhedral and ellipsoid 
techniques offer improvements in capturing particle morphology, 
although they still fall short of accurately reproducing real grain shapes 
(Azéma et al., 2013; Höhner et al., 2011; Liu et al., 2021). Additionally, 
approaches considering rolling friction effects can be utilized to incor
porate particle morphology, albeit requiring calibration with experi
mental data (Wensrich and Katterfeld, 2012). Furthermore, we believe 
that the shape of particles cannot be replaced with unrealistic inter
granular friction, but the actual morphology of particles should be used 
directly.

Therefore, a more advanced technique is required to accurately 
represent the morphology of grains and compute inter-particle forces. 
The Image-based Discrete Element Method (iDEM) has demonstrated its 
effectiveness in achieving these objectives (Amir Hosseini and Tahma
sebi, 2023; Hosseini and Tahmasebi, 2024; Zhang and Tahmasebi, 2023, 
2022b, 2022a). Initially, XRCT (X-ray computed tomography) images 
are processed using image analysis methods within this approach. iDEM 
then defines a function in the coordinate system (α), dividing the domain 
into three distinct zones: (i) points or pixels inside a grain (α > 0), (ii) 
points or pixels on the particle surface (α = 0), and (iii) points or pixels 
outside the particle (α < 0) (Houlsby, 2009). Various studies have been 
conducted to enhance the accuracy of these functions, with the iDEM 
incorporating Enhanced Distance Transform (EDT) being a notable 
example. Previous research (Zhang and Tahmasebi, 2022b) has 
demonstrated that EDT improves both accuracy and computational ef
ficiency. Leveraging these capabilities, we employed the iDEM meth
odology to accurately capture grain morphology and perform inter- 
particle and particle–wall calculations.

Once the iDEM is utilized for particle–particle interactions while the 
shape of particle is taken into account, an accurate method is required to 
model fluid movements. Two main approaches are commonly used for 
this purpose: the Lagrangian and Eulerian methods. The Lagrangian 
approach is particle-based, while the Eulerian approach is grid-based. 
The Eulerian method, a traditional Computational Fluid Dynamics 
(CFD) approach, has demonstrated its efficacy in various applications 
(Amir Hosseini et al., 2023; Amir Hosseini and Tahmasebi, 2024; Knight 
et al., 2020; Pozzetti and Peters, 2018; Zhang and Tahmasebi, 2019). 
However, it has limitations, particularly in capturing fluid-particle in
teractions. For instance, the resolved CFD-DEM requires a fine-meshed 
domain to accurately define the boundaries of particles, resulting in 
increased computational costs (Amir Hosseini et al., 2023; Zhang and 
Tahmasebi, 2022a, 2018; Tahmasebi and Kamrava, 2019), while unre
solved CFD methods cannot represent the shape of particles.

Alternatively, meshless techniques, which are particle-based, offer a 
solution to the complexity of meshing (Sun et al., 2023). These tech
niques not only simplify mesh complexity but also effectively handle 
complex hydrodynamic problems. Such methods fall under the category 
of Lagrangian methods, ensuring faster coupling. Meshless techniques 
have gained significant attention due to several advantages. Unlike grid- 
based CFD methods, where fluid is considered a continuum phase, 
meshless methods discretize the fluid using particles. Smoothed Particle 
Hydrodynamics (SPH) (Bui and Nguyen, 2021; Lian et al., 2021; Ma 
et al., 2022; Xu and Dong, 2021), Finite Pointset Method (FPM) 
(Saucedo-Zendejo and Reséndiz-Flores, 2023), Radial Basis Function 
(RBF) (Xiao et al., 2023), and Moving Particle Semi-implicit (MPS) (Xu 
et al., 2023) are some of the meshless methods developed. Among these, 
SPH has been widely employed in various studies due to its efficiency 
and accuracy. Furthermore, both SPH and iDEM are Lagrangian tech
niques, facilitating more efficient and faster fluid-particle interaction 

calculations. Therefore, in this paper, we utilize the SPH method to 
model fluid movement (Domínguez et al., 2021).

Up to this point, we have outlined our methodologies for computing 
particle–particle interactions and fluid movements. In addressing the 
fluid-particle interactions between SPH and DEM, the SPH-DEM method 
has found applications across various domains, including dam break 
scenarios (Liu et al., 2022), landslide-generated waves (Bu et al., 2022), 
debris flow (Canelas et al., 2017), and sediment transport (Tran-Duc 
et al., 2017). While some techniques can accommodate irregular grain 
shapes, such as the polyhedral method within the DEM component of the 
coupling, capturing the realistic shape of particle in DEM approaches 
remain somewhat limited, and the integration of such methods with SPH 
has been noticeably absent from the literature. To be more specific, the 
two-way coupling between Weakly Compressible SPH (WCSPH) and 
Distributed Contact DEM (DCDEM) has been proposed in previous 
investigation, where applied on the debris flow with the cubic and cyl
inder grains (Canelas et al., 2016). Other numerical investigation also 
applied the WCSPH-DEM with spherical particles (He et al., 2018). 
Penalty approach also has been deployed in numerical investigation to 
couple the Incompressible SPH (ISPH) with DEM with utilizing the en
ergy tracking impulse (Asai et al., 2021). In other study (Wu et al., 
2016), the SPH has been coupled with the conventional DEM in 2D to 
model flexible plates with clump of DEM particles. The elastic beam is 
also studied with deploying the SPH-DEM technique (Capasso et al., 
2022). As discussed, therefore, there is a clear research gap in consid
eration of the real shape of particles in SPH-DEM coupling approaches.

To bridge this research gap, we propose a coupling approach that 
links iDEM with SPH. Here, iDEM is tasked with handling parti
cle–particle interactions, SPH computes fluid movements, and the 
coupling mechanism facilitates the transfer of forces between the fluid 
and particles bidirectionally. Once the coupling between SPH and iDEM 
has been established, it becomes crucial to validate its accuracy through 
experimental studies. To achieve this, we will conduct validation tests 
using two scenarios: a sphere water entry based on experimental in
vestigations (Aristoff and Bush, 2009) and a semi-submerged cube water 
entry (Wu et al., 2014). By comparing our computational results with 
the experimental data, we can verify the fidelity of our proposed 
coupling. Following successful validation, we will apply the validated 
coupling model to simulate a dam break scenario, considering irregular 
and cubic particles. This application will demonstrate the effectiveness 
and reliability of our coupling approach in capturing real-world 
phenomena.

The remaining sections of this paper are structured as follows. Sec
tion 2 discusses the governing equations of iDEM, SPH, and their 
coupling. In Section 3, we present, discuss, and compare the results of 
validation tests against experimental studies. Section 4 details the 
implementation of our developed code in dam break scenarios involving 
irregular and cubic particles, along with the corresponding results and 
discussions. Finally, Section 5 provides a summary of the paper and 
outlines its conclusions.

2. Numerical Method

This section explains the proposed coupling method to model a fluid- 
particle system. As elaborated, the coupling consists of three segments to 
simulate such a complex approach. The first is the iDEM, responsible for 
particle–particle and particle–wall interactions. The SPH part calculates 
the fluid movement and the coupling procedure, which connects the 
SPH with iDEM. Hence, the iDEM, the SPH, and coupling will be detailed 
in this section.

2.1. Image-based Discrete Element Method (iDEM)

2.1.1. Image Analysis
The 3D binary image set, obtained through XRCT, provides a faithful 

representation of particle shapes, requiring interpretation for 
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computational purposes. Image analysis techniques, such as the EDT, 
offer a reliable means to achieve this. Initially, the binary image is 
divided into object and background zones, after which the EDT com
putes the shortest distances between background and object pixels using 
the Euclidean distance method (Zhang and Tahmasebi, 2022a). This 
process assigns specific distance values to each pixel, where pixels inside 
the particle (object zone) yield positive values, while those outside 
register negative values. Here, Gaussian filtration and trilinear inter
polation are applied to the EDT results, smoothing out sharp transitions 
and accurately delineating particle surfaces. Thus, the particle’s natural 
shape is realistically captured and can be seamlessly integrated into 
computational codes. Similar to traditional discrete element methods, 
iDEM needs information about particle properties such as center of 
mass, moment of inertia, mass, and volume. The EDT 3D field enables 
the calculation of these properties, ensuring accurate representation of 
particles within the computational framework. Further details on EDT 
and property calculations are available elsewhere (Amir Hosseini and 
Tahmasebi, 2023; Hosseini and Tahmasebi, 2024; Zhang and Tahma
sebi, 2023, 2022b). Fig. 1 illustrates the EDT in iDEM.

2.1.2. Particle Interaction
In this section, we will discuss the process we employed to compute 

particle interactions, particularly focusing on contact detection. Contact 
detection in standard DEM is straightforward as it deals with spherical 
particles. Typically, in conventional DEM, contact between spherical 
particles is identified by comparing the centers of the spheres. The 
contact is then established, allowing for the calculation of parti
cle–particle or particle–wall force values based on the overlap. However, 
contact detection and calculation become challenging for irregular 
particles due to two main reasons: (i) determining when particles are in 
contact, and (ii) calculating the overlap necessary for force calculation. 
To address these complexities, we implemented the node-to-surface 
method in iDEM. This technique involves systematically placing nodes 
on the surface of particles. Our previous studies have extensively dis
cussed the node-to-surface approach (Amir Hosseini and Tahmasebi, 
2023; Hosseini and Tahmasebi, 2024; Zhang and Tahmasebi, 2022b, 
2022a).

To identify particles in contact, the center of mass of each particle 
(particle i) is compared with others within the domain. Instead of 
examining every particle in the domain, iDEM identifies potential in- 
contact particles and subsequently checks for overlap. This process en
tails defining a detection radius (Rg), which should be several times 
larger than the average radius of the grains to prevent overlooking 
contact between particles. Once the detection radius is established, the 
center of mass of particle i is compared with other particles. If a particle 
lies within the detection radius, it is considered a potential in-contact 
particle with particle i. Therefore, particles in the domain are classi
fied as either potentially in-contact or non-contact particles. This 
approach significantly reduces the computational cost of iDEM.

Once nodes are positioned on the grains and potential in-contact 
particles are identified, iDEM proceeds to examine overlaps for the 
parent grain, denoted as grain i. In this process, the nodes on potential 
in-contact particles are compared to the distance field of grain i. Spe
cifically, if the coordinate of a node on particle j (Cnj ) yields a positive 
value in grain i’s distance field (Di

Cnj
> 0), particle i and particle j are 

considered as in-contact particles. This comparison is performed for all 
potential in-contact particles. Then, the inter-particle force can be 
determined based on the overlap (δ) between the in-contact particles.

2.1.3. Particle movement
After calculating the overlap between two irregular particles, the 

motion of each particle should be calculated. To this end, the general 
concepts of the DEM can be deployed. In DEM, each particle can go 
through rotational and/or transitional movement, which follows New
ton’s second law of motion and Euler’s equations. Hence, the transi
tional and angular motion of each particle can be expressed as follows: 

mi
dVi

dt
=

∑

j
Fp−p

ij +
∑

w
Fp−w

iw + Ff−p
i + F

g
i , (1) 

Ii
dωi

dt
+ ωi × (Iiωi) =

∑

j
Tp−p

ij +
∑

w
Tp−w

w + Tp−f
i , (2) 

where mi, Vi, Ii, and ωi are the mass, velocity, inertia, and rotational 
velocity of particle i, respectively. Moreover, 

∑
jF

p−p
ij is the summation of 

particle–particle force between particle i and in-contact grains (j). 
∑

wFp−w
iw is the sum of particle–wall forces, and Ff−p

i is fluid-particle 
interaction force. Fg

i is the gravitational force applied on particle i. 
Furthermore, in Eq. (2), 

∑
jT

p−p
ij and 

∑
wTp−w

w are the torque acting on 
particle i causing by in-contact particles and particle–wall interactions, 
respectively. The fluid can also apply torque on particle i, defined as 
Tp−f

i . The inter-particle force (
∑

jF
p−p
ij ) expands as follows: 

∑

j
Fp−p

ij =
∑N

n=1
Fn

ij +
∑N

n=1
Ft

ij, (3) 

such that, 

Fn
ij = − knδ n→ij, (4) 

Ft
ij = R

(
Ft

ij

)

T+Δt
− kt

[

Vij −

(

Vij. n→ij

)

n→ij

]

Δt, (5) 

where, N is the number of overlapped nodes on the surface of particle i. 
Fn

ij and Ft
ij are the normal and tangential forces, respectively. k is the 

normal stiffness, R is the rotational matrix, T is the previous time step, 
and Δt is the time increment (i.e., time step). kn and kt are normal and 

Fig. 1. The Enhanced Distance Transform (EDT) implemented in the iDEM.
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tangential stiffness, and n→ij is the contact normal vector. Vij presents 
relative velocity, which can be calculated using: 

Vij = Vi + ωi ×

(

C→c − c→i
m

)

− Vj − ωj ×

(

C→c − c→j
m

)

, (6) 

where C→c is the position of the overlapped node. c→i
m and c→j

m are the 
center of mass of particle i and j. Moreover, the Coulomb friction law has 
been implemented to calculate Ft

ij as follows: 

Ft
ij =

Ft
ij

‖Ft
ij‖

min(‖Ft
ij‖, μFn

ij) (7) 

where μ is friction coefficient. Then, the action-reaction rule is applied 
where Fij = −Fji.

2.1.4. Image-Based DEM Algorithm
To sum up, the iDEM follows the mentioned steps to calculate par

ticle–particle interactions which are summarized in Algorithm 1.

Algorithm 1: Implemented image-based dem algorithm 

Input: 3D binary matrix for number of particles
Output: inter-particle force and torque
for i = 0, nParticle do

Read Binary images
Apply the Euclidean Distance Method, Gaussian Filtering, and Trilinear 

interpolation
Calculating Distance Field
Apply node-to-surface technique

end for
for i = 0, nParticle do

Finding potential in-contact particles 
Check overlap between potential in-contact particles

if overlap == True
Calculate overlap and normal vector
Calculate Transitional and rotational motion ← Eqs. (1)-(7)
Apply calculated force and torque to the particles

end if
end for

2.2. Smoothed Particle Hydrodynamic (SPH)

In this section, we discuss the fundamental principles of the SPH 
method (Domínguez et al., 2021). To provide a comprehensive under
standing of the SPH method, we will begin by explaining the governing 
equations pertaining to fluid–fluid particle interactions and fluid-body 
interactions.

2.2.1. Governing Equations
As previously mentioned, SPH is a Lagrangian method that dis

cretizes a continuous phase into particles. Therefore, in line with 
Lagrangian principles, this meshless technique computes the motion of 
each particle. Given that the properties of a target particle are influenced 
by its neighboring particles, a weighting function is employed to account 
for this influence. This is typically achieved through the application of a 
kernel function, which can be represented for a function f(p) as follows: 

f(p) =

∫

f(pʹ)K(p − pʹ, s)dpʹ, (8) 

where p and pʹ are defined as the target particle’s position and the 
particle’s temporary position. Also, s is smoothing length, and K is the 
weighting function. The above equations in discrete computational can 
be presented as: 

f(p) =
∑

n
f(pʹ

n)K(pʹ
n − pn, s)

mn

ρn
, (9) 

where n is the neighboring particle, mn and ρn are the mass and density 

of neighboring particles, respectively. The Quintic Wendland Kernel 
(Wendland, 1995) is applied in Eq. (9), which is a specific kernel func
tion used to interpolate properties between particles. It belongs to the 
family of Wendland functions, which are commonly employed in SPH 
due to their smoothness and compact support. The Quintic Wendland 
Kernel has a quintic polynomial form and is characterized by its ability 
to accurately represent gradients and smooth out discontinuities in the 
fluid properties. It effectively mitigates numerical noise and instability 
issues often encountered in SPH simulations, making it an accepted 
choice for modeling various fluid dynamics phenomena with high fi
delity. The kernel function’s compact support ensures that only nearby 
particles significantly influence the interpolation, contributing to 
computational efficiency and reducing the computational cost of SPH 
simulations.

To calculate fluid motions in a discrete domain, one way is writing 
the Navier-Stokes equation in discrete form. Then, the discrete Navier- 
Stokes equation can solve fluid particles’ motion; therefore, the mo
mentum equation can be written as: 

dvp

dt
= −

∑

n
mn

(pn + pp

ρnρp

)

∇pKp−n + g + Φp, (10) 

where vp is the velocity of the target point, Kp−n is kernel function for 
particle p, g is gravitational acceleration, p is the pressure, and Φp is the 
artificial viscosity term, which can be written in the following form for 
the artificial viscosity (Domínguez et al., 2021): 

Φp = −
∑

n
mnΨnp∇pKp−n, (11) 

in which: 

Ψnp =

⎧
⎪⎪⎨

⎪⎪⎩

(
−αCs−np

ρnp

)(
svnp.pnp

pnp2 + 0.01s2

)

vnp.pnp < 0

0vnp.pnp > 0

(12) 

where α is the artificial viscosity coefficient, and CS−np and ρnp is the 
mean of the speed of sound density of the target particle (i.e., p) and 
neighboring’s (i.e., n), respectively.

In the implemented SPH simulation, a weakly compressible SPH 
concept is used in the governing equations (Domínguez et al., 2021). 
Hence, fluid pressure can be calculated as: 

P =
CS

2ρf

η

[(
ρ
ρf

)η

− 1
]

, (13) 

where P is the fluid pressure, CS is the speed of sound, ρf is the reference 
density of the fluid, and η is polytropic constant.

Like the momentum equation (i.e., Eq. 10), continuity equitation also 
can be discretized as follows: 

dρp

dt
=

∑

n
mnvnp.∇pKp−n + 2εDsCS

∑

n

(
ρtotal

np − ρf gznp

) pnp.∇pKp−n

pnp
2

mn

ρn
,

(14) 

where the second term on the right side of Eq. 14 is the density diffusion 
term obtained from Fourtakas et al. (Fourtakas et al., 2019). εD is the 
diffusion coefficient, CS is the speed of sound, ρtotal

np is the total compo
nent of density, and znp is the vertical height between the target point (p) 
and the neighbor (n).

2.2.2. Boundary Conditions
The Dynamic Boundary Condition (DBC) and modified Dynamic 

Boundary Condition are boundary treatment methods used in SPH 
simulations, particularly in the DualSPHysics framework. DBC, initially 
proposed by Crespo et al. (Crespo et al., 2007), dynamically adjusts the 
density of boundary particles based on their proximity to fluid particles. 

M. Amir Hosseini and P. Tahmasebi                                                                                                                                                                                                        Computers and Geotechnics 176 (2024) 106751 

4 



When fluid particles approach the boundary, the density of boundary 
particles increases, leading to alterations in the pressure field. Despite its 
widespread application and proven capability, accuracy, and efficiency 
in various SPH simulations, DBC exhibits certain drawbacks. In partic
ular, density calculations at boundaries may produce unrealistic results, 
leading to visible gaps between fluid and boundary particles. Further
more, pressure measurements near boundaries may exhibit noise, 
potentially impacting the overall accuracy of simulation results. To 
address these limitations, modifications to the DBC method have been 
proposed, aiming to improve the accuracy and realism of boundary 
treatments in SPH simulations.

The limitations associated with the DBC have provoked the devel
opment of modified versions, such as the modified Dynamic Boundary 
Condition (mDBC) (English et al., 2022). Unlike DBC, which adjusts the 
density of boundary particles dynamically, mDBC employs multiple 
layers of boundary particles to form the boundary interface. In mDBC, a 
mirroring procedure is implemented to create ghost nodes within the 
fluid region. These ghost nodes mimic the behavior of neighboring fluid 
particles, allowing the calculation of fluid properties at the boundary 
particles. It is essential to note that the normal vector at boundary 
particles is required for ghost node creation. Based on the mDBC, the 
boundary particles have zero velocity, and pressure Neumann boundary 
conditions are approximated at higher order, leading to improved re
sults compared to the DBC. The formulations of the modified DBC 
(mDBC) are detailed elsewhere (Domínguez et al., 2021; English et al., 
2022). The comparison between DBC and mDBC is visually depicted in 
Fig. 2, highlighting the differences in their approaches to boundary 
treatment in SPH simulations.

2.2.3. Fluid and Rigid-Body Interaction
In our calculations of fluid-body interaction, we aim to precisely 

compute these interactions. By thoroughly assessing the fluid forces 
acting on each boundary particle stemming from individual fluid par
ticles, we can accurately determine the net force exerted by the fluid on 
a rigid body (Ff−B). This net force, denoted as Ff−B, manifests as the 
cumulative sum of all forces imparted by fluid particles onto each par
ticle constituting the rigid body (pB): 

(
Ff−B

)

pB
=

∑

n

(
Ff−B

)

n, (15) 

where n is a specific fluid particle and pB is the rigid-body target particle. 
Also, 

(
Ff−B

)

n is the force per mass from each fluid particle on each rigid 
body particle. 

(
Ff−B

)

pB 
is calculated from Eq. (10) wherein the viscous 

formulation is also included in the estimation. Moreover, considering 
density diffusion term in Eq. (14) allows one to correct the density 
calculation at the interface.

After calculating the force, the rigid body’s angular and linear ve
locity should be calculated. To this end, the aforementioned equations of 
the motion (i.e., Eqs. (1) and (2)) should be rewritten as follows: 

mB
d(VB)f−p

dt
=

∑

pB

(
Ff−B

)

pB
, (16) 

IB
d(ωB)f−p

dt
+ ωBf−p × (IBωBf−p) =

∑

pB

mpB dcm
pB

×
(
Ff−B

)

pB
, (17) 

where mB is the mass of rigid body, (VB)f−p is the linear velocity which is 
exerted by the fluid on rigid-body, mpB is the mass of rigid-body node, 
(ωB)f−p is the angular velocity which is applied on rigid-body from fluid, 
and dcm

pB 
is the distance from pB to the center of the mass of the rigid body.

2.3. SPH-iDEM Coupling

In the proposed SPH-iDEM two-way coupling approach, the simu
lation initiation commences with the user, wherein the SPH module 
reads pertinent parameters. Next, the initialization of grains within the 
iDEM framework ensues. Should pre-simulation steps be necessary 
within the iDEM, such as particle settlement within the domain, these 
are executed accordingly. Following this initialization phase, essential 
floating (rigid body) data, such as position information, is transmitted to 
the SPH code for further processing. In parallel, the SPH code computes 
fluid particle dynamics utilizing the described formulations, thereby 
capturing the complex interplay between fluid and particle phases. In
tegral to this process is the calculation of fluid particle impacts on rigid 

Fig. 2. Illustration of (a) the Dynamic Boundary Condition (DBC) and modified Dynamic Boundary Condition (mDBC).
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bodies, which are then evaluated in terms of linear and angular velocity. 
The computed velocities are therefore transformed into corresponding 
linear (al) and rotational (aw) accelerations, aiding continuous integra
tion and accurate representation of fluid-grain interactions within the 
coupled framework, which are defined as: 

al =
d(VB)f−p

dt
, (18) 

aw =
d(ωB)f−p

dt
. (19) 

The calculated accelerations are transformed into force 
(
Ff−B

)

B and 
torque 

(
Tf−p

)

B on rigid body: 
(
Ff−B

)

B = mBal, (20) 

(
Tf−p

)

B = IBaw. (21) 

In the proposed coupling framework, the external force and torque 
computed within the SPH module are transferred to the iDEM code, 
where they are applied as external force and torque on individual grains. 
Then, the grains are categorized into two distinct groups: (i) potential in- 
contact grains and (ii) no-contact grains. For potential in-contact grains, 
overlap detection is performed to determine inter-particle interactions, 
with successive calculations conducted accordingly. Additionally, grains 
are examined for overlap with the domain walls, and if any overlap is 
detected, the corresponding force and torque exerted by the walls are 
computed. Following these computations, the linear and rotational ve
locity as well as the position of each particle are updated within the 
domain. Specifically, this updated information regarding particle 

position and dynamics is then transmitted back to the SPH code to 
enable the concurrent updating of rigid-body information. Later, the 
fluid particles are updated based on the revised grain dynamics, 
ensuring consistency and accuracy in the fluid-particle coupling. This 
iterative process continues until the end of the simulation, ensuring 
comprehensive and continuous synchronization between the fluid and 
particle phases. Visual representations of the coupling process and the 
associated algorithmic workflow are provided in Fig. 3 and Fig. 4, 
respectively. As can be seen in Fig. 3, the density of fluid’s particles in 
the implemented SPH is considered such that the morphology of parti
cles are captured precisely.

3. Validations

To validate the proposed SPH-iDEM framework, it is crucial to 
compare its performance against experimental data. As such, two 
distinct experimental studies conducted in three-dimensional (3D) 
setups have been identified for validation purposes (Aristoff and Bush, 
2009; Wu et al., 2014). The first experimental scenario involves sphere 
water entry with an initial velocity, which will be thoroughly examined 
and discussed in section 3.1 of the study. Then, the results obtained from 
our computational simulations will be thoroughly examined and juxta
posed against the experimental findings to assess the accuracy of our 
proposed framework. Furthermore, the settlement case of a semi- 
submerged cube will be explored, with a comprehensive analysis of 
the computational outcomes versus the experimental data. This 
comparative analysis serves as a robust validation mechanism, enabling 
us to find out the reliability and efficacy of the SPH-iDEM coupling 
approach in accurately capturing the dynamic fluid-particle interactions 
observed in real-world experimental scenarios.

Fig. 3. Demonstration of coupling procedure in the proposed SPH-iDEM, (a) the rotational and linear velocities exerted by the fluid on grains are calculated in the 
SPH part. For the sake of representation, the size of SPH’s particles is exaggerated but a more realistic window showing the size of SPH’s particles is shown. (b) The 
torque and force are applied to grains in the iDEM platform. (c) inter-particle and particle–wall force and torque are calculated in the iDEM and particles motions are 
updated in the iDEM, (d) the updated position of grains and linear and angular velocity of them are transferred back to the SPH framework.
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3.1. Single sphere water entry

For the validation of our proposed framework, we have utilized 
experimental data from a prior study (Aristoff and Bush, 2009). In our 
numerical setup, the computational domain dimensions are specified as 
0.2 m × 0.2 m × 0.2 m, mirroring the dimensions employed in the 
experimental study. The water depth within the domain is maintained at 
0.11 m, consistent with the experimental conditions. A spherical particle 
with a radius of 12.7 mm is released from a decided height above the 
water surface, replicating the experimental setup. In the experimental 
study, the spherical particle attained a velocity of 2.17 m/s upon 
reaching the water’s surface. To expedite computational processes and 
minimize simulation time, we have initially positioned the spherical 
particle at the water’s surface with an initial velocity matching that 
observed in the experimental investigation, as per the approach adopted 
in previous numerical studies (Xu et al., 2019). To examine the accuracy 
of the proposed method, this validation has been done on three scenarios 
with different densities: (I) 860 (kg/m3), (II) 1140 (kg/m3), and (II) 2300 
(kg/m3). The overall domain configuration is depicted in Fig. 5, while 
Table 1 provides detailed specifications of the numerical parameters 
employed in this simulation.

The dynamic evolution of the sphere’s impact on the water surface 
for the lightest sphere (i.e., scenario (I)) is visually described in both 3D 
and 2D representations, as illustrated in Fig. 6 and Fig. 7, respectively. 
These visualizations clearly depict the fluid-particle interaction dy
namics captured by our proposed framework. Particularly, the frame
work accurately reproduces the smooth interaction surface between the 
fluid and the particle, while effectively capturing the formation of water 
splashes resulting from the impact.

The results obtained from the simulation represent the impact be
tween the sphere and the fluid, as showcased in Fig. 6(a) and Fig. 7(a). In 
these representations, it is clear that the sphere displaces the fluid 
laterally as it enters the fluid medium. At the same time, the fluid is 
forced to circumvent the sides of the sphere to accommodate its entry. 

Therefore, as the sphere progresses deeper into the water, a cavity forms 
in its wake, as depicted in Fig. 6(b) and Fig. 7(b). As the sphere continues 
its inclination, the pressure exerted by the surrounding fluid on the 
cavity’s sidewalls increases, causing the cavity to constrict, particularly 
near the sphere’s upper surface, as shown in Fig. 6(c) and Fig. 7(c). 
Eventually, this pressure buildup results in the detachment of the cavity 
from the sphere, causing the water to surge upwards. Besides, due to the 
lower density of the sphere compared to the surrounding fluid, the 
buoyant force exceeds the gravitational force acting on the sphere, 
leading to a reduction in its vertical acceleration over time. Further
more, the simulation demonstrates that the sphere exhibits negligible 
lateral motion (i.e., in the x and y-directions), highlighting the accuracy 

Fig. 4. The implemented SPH-iDEM coupling approach algorithm.

Fig. 5. Initial 3D domain of the sphere water entry validation case.
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of the proposed method in capturing the fluid-particle interaction 
dynamics.

The accuracy of the developed framework was assessed by 
comparing the results obtained from SPH-iDEM with those of previous 
experimental and theoretical investigations (Aristoff and Bush, 2009). 
This comparison, illustrated in Fig. 8, indicates a good agreement be
tween the model predictions and the established experimental and 
theoretical findings for all simulated densities. Furthermore, the impact 
of damping on the sphere’s vertical displacement is clear in the slope of 
the depth versus time curve. As the sphere descended deeper into the 
fluid medium, the vertical uplift force exerted by the surrounding fluid, 
calculated through the coupling, increased owing to the lower density of 
the sphere relative to the fluid. This comparison, therefore, not only 
highlights the accuracy of the model but also confirm the efficacy of the 
proposed SPH-iDEM coupling strategy within the specified simulation 
setup outlined in Table 1.

3.2. Cube Settlement in Water

In this section, we validate our method by comparing the results 
obtained from SPH-iDEM with experimental data from a previous study 
(Wu et al., 2014) on the behavior of a half-submerged cube particle. Our 
primary objective is to assess the accuracy of the proposed method in 
capturing the hydrodynamic and gravitational forces acting on a grain 
with a sharp edge, possessing a higher density than the surrounding 
water. The initial setup and simulation properties are illustrated in Fig. 9
and summarized in Table 2, respectively. Through this validation, we 
aim to demonstrate the performance of our approach in replicating the 
complex interactions between the cube particle and the surrounding 
fluid, including the hydrodynamic effects induced by its distinctive 
geometric features and density contrast.

The settling process of the dense cube in the water is visually 
depicted in Fig. 10. Initially, the gravitational force acting on the cube 
induces settlement, displacing the water to the sides; see Fig. 10(a). As 
observed previously with the sphere case, this settling action creates a 
cavity above the cube. However, due to the cube’s zero initial velocity, 
the depth of the resulting cavity channel is not as significant as in the 
sphere case. Therefore, as the cube continues to descend into the water, 
the pressure exerted by the surrounding fluid gradually compresses the 
cavity channel, eventually causing it to close above the cube. Consistent 
with expectations, the cube exhibits no rotational or lateral movements 
throughout the settling process, further confirming the accuracy of our 
coupling approach.

In order to assess the performance of our SPH-iDEM coupling, we 
conducted a quantitative comparison between the vertical position (in 
the Z-direction) of the cube obtained from our simulation and experi
mental data (Wu et al., 2014). As illustrated in Fig. 11, our numerical 
framework exhibited an excellent accuracy, as shown by the close 
alignment between our simulation results and the experimental data.

Table 1 
Properties of particles used in the sphere water entry validation case.

Property Value

Time step (s) 1 × 10−5

Fluid Density (kg/m3) 1000
Kinematic viscosity coefficient (m2/s) 1 × 10−6

fluid particle size (m) 5 × 10−4

Particle Density (kg/m3) 860, 1140,2300
Normal Stiffness (N/m) 3 × 104

Shear Stiffness (N/m) 2.7 × 104

Friction coefficient 0.4
Particle Radius (mm) 12.7

Fig. 6. 3D illustration of the dynamic evolution of the water entry validation case at (a) t = 0.003 s, (b) 0.025 s, (c) 0.075 s, and (d) 0.1 s for the sphere’s density 860 
(kg/m3) (i.e., scenario (I)).
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4. Case Study: Dam Break of Irregular and Cube Particles

In this section, we apply our validated SPH-iDEM framework to 
investigate the dam break problem. The initial configuration of the 
domain is depicted in Fig. 12. To demonstrate the versatility of our 
method and the influence of particle shape, we considered two setups: 
one with cubic particles and another with irregular particles. Both 
particle types are designed to have identical mass and volume for con
sistency. The average radius of particles is set to 37.5 mm in both cases. 
To minimize the effects of initial settling, we allow the particles to settle 
for a brief period after positioning them at the same location. The pro
duced models can be seen from different angles in Fig. 12(b) and (c). As 
can be seen, the irregular particles exhibit greater compactness and 
interlocking after the initial settling phase, attributed to the irregularity 
in their shape. Conversely, this phenomenon is not observed in the cubic 
grain setup. Further details regarding the simulation parameters for both 

cubic and irregular particle configurations are provided in Table 3. 
Properties of particles used in the cube and irregular dam break 
simulations..

The dynamic evolution of the dam break process for irregular par
ticles is depicted in Fig. 13. Initially, at the point of impact (Fig. 13(a)), 
the fluid exhibits its highest velocity. As the fluid interacts with the 
irregular particle assembly (acting as moving obstacles), it splashes in 
lateral and vertical directions to accommodate the irregularities (Fig. 13
(b)). At the same time, the irregular particles experience sudden 
movements induced by the impact of the fluid. As time progresses, the 
wave generated in the fluid gradually settles, resulting in a decrease in 

Fig. 7. 2D demonstration of the dynamic evolution of the sphere water entry validation case at (a) t = 0.01 s, (b) 0.05 s, (c) 0.07 s, and (d) 0.09 s for the sphere’s 
density 860 (kg/m3) (i.e., scenario (I)).

Fig. 8. Time evolution of the sphere Z-direction (i.e., vertical) displacement in 
the water-entry validation case compared to the experimental results and 
theoretical solution.

Fig. 9. Initial 3D domain of the cube settlement in water validation case.
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wave amplitude (Fig. 13(c)). During these time steps, the side flows 
experience the highest velocities due to the presence of the irregular 
particles obstructing the flow and making a channel with the walls. As 
the fluid reaches the end of the domain, a backward wave is created 
(Fig. 13(d)). In the following time steps (Fig. 13(e) and (f)), the irregular 
particles become submerged in the water, and their backward move
ments are constrained due to the limited fluid force acting upon them. 
Essentially, although the force from the dam break causes significant 
movement of the irregular particles, the backward wave propagation is 
restricted by the presence of the particles and the domain boundary, 
leading to energy dissipation.

The fluid velocity profile for cube particles is illustrated in Fig. 14. 
Similar to the irregular case, the highest water velocity occurs at the 
moment of impact for the cube grain scenario (Fig. 14(a)). Additionally, 
owing to the initial height of the cubic particle assembly, the water wave 

generated during impact is more pronounced. Following the impact, the 
side channel flows exhibit the highest velocities due to the absence of 
grain resistance in such spaces, similar to the irregular case. Further
more, a comparison of the time evolution reveals that cube grains un
dergo greater lateral movement compared to irregular particles, likely 
due to manifesting a large surface area and a clear void space between 
such objects. These reason can enhance the movement of the cubes 
relative to the irregular pack, as evidenced by a comparison of Fig. 13
and Fig. 14. Similar to the irregular grains, energy damping is observed 
in the cubic grains, with the backward wave unable to propagate as far 
as the initial dam break wave. Another important observation is the 
volume of water trapped behind the particle assembly in each case. A 
comparison of Fig. 13(d) and Fig. 14(d) reveals that the irregular par
ticle assembly retains a larger volume of water compared to the cubic 
particles.

Based on the observed flow behaviors depicted in Fig. 13 and Fig. 14, 
the dam break problem exhibits four distinct phases: 1. The initial 
collapse of the water volume, 2. The impact between the water and 
moving obstacles, 3. The motion of the grains until the end of the 
channel, and 4. The interaction of the water with the end of the channel, 
resulting in the formation of a backward wave. While the first phase 
remains unaffected by the shape of the grains, the second phase is 
particularly influenced by grain shape, varying the fundamental 
behavior of fluid motion both during this phase and thereafter. 
Furthermore, it was observed that the backward wave has minimal ef
fect on the movement of both types of particles within this setup.

After examining the fluid velocity, analyzing fluid pressure distri
bution can provide further insights. Fig. 15 illustrates the pressure 

Table 2 
Properties of particles used in the cube settlement validation case.

Property Value

Time step (s) 1 × 10−5

Fluid Density (kg/m3) 996.51
Kinematic viscosity coefficient (m2/s) 1 × 10−6

fluid particle size (m) 1 × 10−3

Particle Density (kg/m3) 2120
Normal Stiffness (N/m) 3 × 104

Shear Stiffness (N/m) 2.7 × 104

Friction coefficient 0.4
Cube size (mm) 20

Fig. 10. 3D illustration of the dynamic evolution of the cube settlement in water validation case at (a) t = 0.08 s, (b) 0.12 s, (c) 0.127 s, (d) 0.16 s (e) 0.24 s, and (f) 
0.32 s.
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distribution in the fluid throughout the simulations. As depicted in 
Fig. 15(a), pressure is naturally higher at the bottom of the domain, 
consistent with hydrostatic pressure principles. However, during the 
impact phase, the highest-pressure region in the system (as observed in 
Fig. 15(a)) is situated behind the irregular pack. This elevated pressure 
can be attributed to the resistance encountered by the grains due to 
inertia, despite their ability to move. In addition, Fig. 13(a) illustrates 
the lowest velocity at the impact region, contributing to the higher 
pressure observed.

Furthermore, high-pressure regions are visibly seen on the grains due 

to the resistance mentioned earlier. Although the fluid exhibits high 
pressure behind the irregular particles at the moment of impact (Fig. 15
(a)), this pressure diminishes thereafter in those regions (Fig. 15(b)). 
This behavior can be attributed to the redistribution of pressure caused 
by the fluid’s redistribution in the domain. At a specific time-step (t =
0.38 s), depicted in Fig. 15(b), the wave exhibits the lowest pressure 
values, as expected, given its freedom of movement. Even after the 
dissipation of the wave, high-pressure regions persist just behind the 
grains (see Fig. 15(d) and (c)), while the lowest pressure is observed in 
the side channels, where no obstacles impede fluid flow. This observa
tion is consistent with our previous visualization in Fig. 13(c), where the 
side channels exhibited the highest velocity, facilitating easier fluid 
movement and thus lower pressure. Our results (Fig. 15(d)) further 

Fig. 11. Comparison between SPH-iDEM results with the previous experi
mental study with respect to the vertical position of the cube in the settlement 
validation case during time.

Fig. 12. 3D illustration of (a) the size of the domain and initial position and dimensions of water volume and the position of irregular particles, and side view of the 
initial arrangement of (b) irregular and (c) cube grains at the start of the SPH-iDEM simulations after grain settlement.

Table 3 
Properties of particles used in the cube and irregular dam break 
simulations.

Property Value

Time step (s) 25 × 10−6

Fluid Density (kg/m3) 1000
Kinematic viscosity coefficient (m2/s) 1 × 10−6

fluid particle size (m) 5 × 10−3

Grain’s density (kg/m3) 1250
Normal Stiffness (N/m) 3 × 104

Shear Stiffness (N/m) 2.7 × 104

Friction coefficient 0.4
Grain’s average radius (mm) 37.5
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indicate an increase in fluid pressure upon impacting the downstream 
wall. Immediately after the formation of the backward wave (Fig. 15(d) 
and (e)), pressure rises around the grains due to inertia, as the fluid 
exerts limited movement on them. Fig. 15(f) illustrates a combination of 
hydrostatic pressure resulting from the water depth and increased 
pressure in the grain regions.

It will also be necessary to analyze the pressure distribution in the 
cubic case due to the interesting phenomena captured in the irregular 
case. To do so, Fig. 16 demonstrates the pressure distribution. The 
previously observed highest-pressure areas upstream of the cubic par
ticles can also be seen (Fig. 16(a)). However, the shape of this pressure 
region differs from that of the irregular case. In the cubic case, the high- 
pressure area is more spread out compared to the irregular one, high
lighting the influence of the shape of grains in such systems.

Furthermore, when comparing Fig. 15(b) and Fig. 16(b), it is clear 
that the high-pressure zone behind the cube pack is smaller than in the 
irregular case, indicating that the cube grains offer less resistance to 

fluid flow while irregular particle show some degree of interlocking. 
Therefore, fluid can flow through the cubic pack more easily, leading to 
a more distributed pressure profile in this scenario. This trend is also 
noticeable in the comparison between Fig. 15(c) and Fig. 16(c). There
fore, a greater volume of water can reach the downstream wall in the 
cube case compared to the irregular particle setup, as depicted in Fig. 15
(d) and Fig. 16(d). As a result, water pressure is higher in those regions 
(i.e., downstream wall) in the cube case. Another important difference 
between irregular and cubic setups is that at the same time (t = 1.08 s), 
the pressure is higher and more evenly distributed throughout the 
domain in the cubic case, whereas in the irregular particle scenario, 
more fluid is trapped behind the irregular pack, as demonstrated in 
Fig. 15(e) and (f).

Studying the fluid kinetic energy for irregular and cubic packs pro
vides further insights into the system behavior. In Fig. 17, a comparison 
between the cubic and irregular cases regarding the fluid’s kinetic en
ergy is presented. At the moment of impact (Fig. 17(a) and (d)), one can 

Fig. 13. 3D dynamic evolution of dam break process for irregular grains simulation with respect to the velocity of fluid particles at (a) t = 0.25 s, (b) t = 0.38 s, (c) t 
= 0.57 s, (d) t = 0.88 s, (e) t = 1.08 s, and (f) t = 1.3 s.

Fig. 14. 3D dynamic evolution of dam break process for cube grains simulation with respect to the velocity of fluid particles at (a) t = 0.25 s, (b) t = 0.38 s, (c) t =
0.57 s, (d) t = 0.88 s, (e) t = 1.08 s, and (f) t = 1.3 s.
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see that the fluid in the cubic pack possesses higher kinetic energy, 
consistent with our previous observations of velocity and pressure fields. 
However, a reverse trend is observed over the packs, where the fluid 
wave generated after impact (Fig. 17(b) and (e)) exhibits more energy in 
the irregular case. This reversal can be attributed to the movement of the 
grains. The fluid can move the cubic particles more readily due to 
dealing with a large surface area, resulting in less resistance within the 
cubic pack and thus less energy in the created wave. In contrast, irreg
ular particles form a higher obstruction, causing the fluid wave to 
attempt to pass over them rather than through, leading to a higher en
ergy wave. Furthermore, towards the end of the simulation, there is no 
significant difference in kinetic energy between these cases, as by this 
stage, the initial kinetic energy from the dam break has dissipated into 
the system (Fig. 17(c) and (f)).

To quantitatively analyze the movement of cubic and irregular par
ticles in the dam break system, we present Fig. 18. In Fig. 18(a), the 
average X-direction displacement (i.e., the direction of the longest 

length) of all cubic and irregular particles is illustrated. Initially, there is 
no change in displacement for either cube or irregular particles, indi
cating that the particles are fully settled. However, upon the impact of 
fluid and grains, both types of particles experience significant down
stream movement such that cube particles exhibit greater movement 
than irregular grains, consistent with our previous observations of 
lateral movement dominance by cube particles. Another important trend 
in Fig. 18(a) is that cubic grains cease displacing sooner than irregular 
particles which is attributed to the fluid reaching the end of the domain 
in the cube case, leading to the formation of the backward wave dis
cussed earlier. The influence of this wave is apparent in a slight decrease 
in X displacement, indicating backward movement induced by the wave. 
In addition to X displacement, studying Z displacement yields valuable 
insights. Fig. 18(b) illustrates the average Z displacement of grains. 
Clearly, cube particles experience more negative Z displacement, a 
consequence of their initial formation resulting in a greater height for 
the cubic pack. Conversely, although irregular particles exhibit a similar 

Fig. 15. 3D dynamic evolution of fluid pressure in dam break process for irregular grains simulation at (a) t = 0.25 s, (b) t = 0.38 s, (c) t = 0.57 s, (d) t = 0.88 s, (e) t 
= 1.08 s, and (f) t = 1.3 s.

Fig. 16. 3D dynamic evolution of fluid pressure in dam break process for cube grains simulation at (a) t = 0.25 s, (b) t = 0.38 s, (c) t = 0.57 s, (d) t = 0.88 s, (e) t =
1.08 s, and (f) t = 1.3 s.
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trend in Z displacement, due to the interlocking and initial formation of 
them, they experienced a lower Z displacement. However, given that 
cube particles exhibit greater overall movement, their average Z 
displacement is higher than that of irregular particles, as expected.

After analyzing the average motions of particles, we now examine 
the X and Z positions of the top grains in both the cube and irregular 
packs, as depicted in Fig. 19. Consistent with the average displacement 
trends shown in Fig. 18(a), the X position of the top grains follows a 
similar pattern. Similarly, the Z position of the top grains reflects the 
same trends observed in the average Z displacement. Initially, both types 
of grains experience an increase in Z location due to the impact, but this 

increase is more pronounced for the cubic grains due to their higher 
elevation. Additionally, as observed earlier, fluid flow in the cubic case 
is faster and more unrestricted compared to the irregular case, leading to 
more significant changes in the Z direction for the top cube grain. These 
findings align well with previous numerical investigations (Canelas 
et al., 2016; Sun et al., 2023).

Up to this point, we have analyzed and compared various aspects of 
the dam break problem, including fluid velocity, pressure, kinetic en
ergy, average particle displacement, and the positions of top grains in 
both the X and Z directions. To further enhance our understanding, we 
examine the average particle velocity, as illustrated in Fig. 20. Fig. 20(a) 

Fig. 17. 3D dynamic evolution of fluid kinetic energy in dam break process for irregular grains simulation at t = 0.25 s for (a) irregular and (d) cube, at t = 0.38 s for 
(b) irregular and (e) cube, at t = 1.08 s for (c) irregular and (f) cube.

(a) (b)

Fig. 18. Time evolution of average (a) X displacement and (b) Z displacement of the cube and the irregular pack.

(a) (b)

Fig. 19. Time evolution of top particle’s (a) X and (b) Z positions in the cube and the irregular pack.
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indicates that cube grains generally exhibit higher average velocities 
throughout most of the simulation period. This observation aligns with 
our expectations and visual observations, given a larger surface area, 
which facilitates greater fluid velocity and kinetic energy. For a more 
quantitative comparison between cube and irregular particles, we plot 
the velocity difference as a percentage of the velocity of irregular par
ticles, represented by the equation ( =

(
Virregular −Vcube

)
/Virregular), as 

shown in Fig. 20(b). Here, positive values indicate instances where 
irregular particles have higher velocities, while negative values signify 
higher velocities for cube particles. Although irregular particles occa
sionally exhibit higher velocities, reaching around 60% higher, cube 
grains generally maintain higher velocities, surpassing irregular parti
cles by over 80% at certain points during the simulation.

5. Summary and conclusion

The calculation of fluid-particle interaction is crucial in numerous 
research fields due to its significant impact on natural phenomena. 
Furthermore, previous investigations have emphasized the significance 
of particle shape in such systems. In this study, our objective was to 
develop a numerical framework capable of accurately computing fluid- 
particle interactions involving complex, irregularly shaped particles. To 
achieve this, we implemented a coupling between SPH and our previ
ously introduced Image-based Discrete Element Method iDEM. Within 
the SPH-iDEM coupling framework, the SPH component handles fluid 
interactions, while the iDEM component models the behavior of irreg
ular particles within the simulation domain.

To demonstrate the effectiveness of our proposed method, we initi
ated by validating our coupling approach using the sphere water entry 
problem. This scenario involved a sphere penetrating a quiescent water 
tank at a defined velocity, replicating conditions from prior experi
mental investigations. Our SPH-iDEM simulations produced results 
consistent with both experimental and theoretical solutions, effectively 
capturing phenomena such as cavity flow behind the sphere and water 
necking in these regions. We also conducted another validation case 
involving a cube in a water settlement simulation, based on a prior 
experimental study. Unlike the sphere water entry case, the cube in this 
validation test was initially at rest, but with a density higher than that of 
the fluid. Despite this difference, our developed coupling scheme 
demonstrated its capability and accuracy in reproducing experimental 
results for this scenario as well.

Once our numerical coupling scheme was successfully validated, we 
proceeded to apply it to a more complicated scenario: the classic dam 
break problem involving moving obstacles (i.e., grains). To account for 
the influence of particle shape in this problem, we designed two simu
lations: one with irregular particles and the other with a cube of equal 
mass and volume. To ensure the grains were stationary, we allowed 
them to settle completely before initiating the simulation. Then, we 
released the water volume into the system and observed the fluid’s 
motion, velocity, pressure, and kinetic energy. Our analysis revealed 

that the dam break problem unfolds in four distinct phases: (i) the initial 
collapse of the water volume, (ii) the first impact of the fluid with the 
grain pack, (iii) the distribution of the fluid after impact, and (iv) the 
formation of a backward wave when the water volume collides with the 
downstream boundary wall. Among these phases, we identified that the 
second phase (impact with the grain pack) exerted the most significant 
influence on subsequent steps.

Based on our comprehensive analysis, both irregular and cubic grains 
exhibited significant movement during the water impact phase, with the 
cubic grains demonstrating higher displacement due to the shape of such 
objects and having a large surface area. Aside from this, a comparison of 
fluid velocity distributions revealed the formation of two prominent 
flow channels alongside the grain packs, where fluid velocity was 
particularly higher due to reduced grain resistance. Furthermore, our 
investigation into fluid pressure distribution showed that pressure 
peaked behind the grains upon impact, while it remained lowest in the 
side channel flows. The cubic pack scenario demonstrated higher fluid 
kinetic energy, attributed to its greater void spaces facilitating smoother 
fluid flow. Conversely, the irregular grain pack exhibited higher resis
tance, resulting in greater dampening of fluid kinetic energy. Moreover, 
our analysis of particle displacement and top particle positions sup
ported earlier quantitative findings, with cubic particles indicating 
greater motion. Finally, examination of average grain velocity illus
trated that cubic particles experienced around 80 % higher velocity, 
underlining the significance of grain shape in influencing fluid-particle 
interactions in such scenarios.

The proposed SPH-iDEM method demonstrated its efficiency and 
accuracy in modeling fluid-particle interactions by accurately capturing 
the natural shape of grains. This capability opens avenues for applying 
SPH-iDEM to address fluid and irregular particle dynamics in various 
complex and large systems when using the existing mesh-based CFD 
methos might not be feasible. Although it is not the focus of this study 
and despite the effectiveness of SPH-iDEM in large scale, the particle- 
based nature of SPH limits one to capture microscale and nanoscale 
with desired accuracy systems. Future research directions could involve 
extending the presented technique to handle scenarios involving 
multiphase fluid systems in angular particles, thereby expanding the 
applicability and versatility of the proposed SPH-iDEM approach.
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Crespo, A.J.C., Gómez-Gesteira, M., Dalrymple, R.A., 2007. Boundary Conditions 
Generated by Dynamic Particles in SPH Methods. Comput. Mater. Contin. 5, 
173–184. https://doi.org/10.3970/CMC.2007.005.173.

Cundall, P.A., Strack, O.D.L.L., 1979. A discrete numerical model for granular 
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