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A B S T R A C T

Liquid-solid dam-break flows widely occur in the ocean engineering field, which are more complicated and
threaten the safety of nearshore structures. In this paper, a fully-Lagrangian multi-phase model, based on the
Moving Particle Semi-implicit Method (MPS) and Discrete Element Method (DEM), is developed for the simu-
lation of liquid-solid dam-break flows impacting the rigid structures. The local averaging technique is employed
to describe the fluid motion both inside and outside the sediment and there are the so-called Model A and Model
B for governing equations. Two cases of multiple particles sedimentation and two-phase dam-break are simulated
first. The numerical results show that Model B performs better than Model A in the 3-D MPS-DEM method.
Subsequently, the proposed method with Model B is used to investigate the liquid-solid dam-break flows
colliding with the rigid structures.

1. Introduction

Dam-break flows carrying sediment pose a threat to the safety of
offshore structures, such as bridge piers, breakwaters, legs of platform
and etc. The impact force exerted on those structures is highly complex.
The upper parts are impacted only by clear water, while the lower parts
interact with the water-sediment mixture. Therefore, the ability to
accurately predict the impact force is crucial for engineers to better
design and optimise offshore structures. With the development of
computer hardware, numerical techniques have become an effective
complement to traditional experiments in the research of liquid-solid
two-phase flows and have been widely accepted over the past several
decades.

In the simulation of liquid-solid flows, solid phase can be modelled as
either a whole continuum or discrete particles. The former is known as
the Two Fluid Model (TFM), while the latter is based on the Discrete
Element Method (DEM). TFM is widely used to simulate the large-scale
two-phase flows (Jandaghian et al., 2021), but the motion behaviour of
single particle is not taken into account. DEM, as a mature method, fo-
cuses on solid-solid interaction and can be coupled with either
mesh-based methods or particle-based methods. The coupling strategy
can be classified as resolved coupling and unresolved coupling. For
resolved coupling methods, fine fluid grids or particles are needed and

hydrodynamic force exerted on the DEM particles is calculated through
the integration (Sun et al., 2023, 2024). As a result, resolved coupling
methods can describe the interaction between fluid and particles more
accurately, while their computational cost is very high. By contrast,
fewer fluid grids or particles are used in unresolved coupling methods.
This coupling is achieved by the local average technique (Sun and Sakai,
2015; Tang et al., 2024) or Volume Averaged and Favre Averaged
Navier-Stokes (VAFANS) equations (Hu et al., 2012; Ren et al., 2016;
Wen et al., 2018), in which the information exchange between the fluid
and DEM particles is calculated through empirical force laws.

Particle-based methods show their superiority in simulating free-
surface flows with large deformation, such as dam-break flows. Gin-
gold and Monaghan (1977) developed a Weakly Compressible
Smoothing Particle Hydrodynamic (WCSPH) method, which was firstly
used to solve astrophysical problems. Koshizuka and Oka (1996) pro-
posed the incompressible Moving Particle Semi-implicit (MPS) method,
a projection-based particle approach. These original particle-based
methods had some drawbacks, such as in-stability and inefficiency.
Therefore, a series of novel algorithms have been proposed to overcome
these shortcomings. The gradient model of momentum conservation
(Tanaka and Masunaga, 2010), the mixed source term of Pressure
Poisson Equation (PPE) (Khayyer and Gotoh, 2011; Tanaka and Masu-
naga, 2010) and high order schemes (Khayyer and Gotoh, 2010, 2011,
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2012) have been developed to find a compromise between accuracy and
stability. The Particle Shifting Techniques (PST) (Duan et al., 2018;
Gotoh et al., 2024; Khayyer et al., 2017, 2023; Liu et al., 2024; Lyu and
Sun, 2022; Shimizu and Gotoh, 2024) have been proposed to prevent the
particles from uneven distribution, which significantly improves the
stability of incompressible particle-based method.

There are two sets of governing equations, models A and B, which are
used for the unresolved coupling of DEM and other methods (Feng and
Yu, 2004; Zhu et al., 2007). Model A assumes that the pressure drop is
exchanged between the fluid phase and the solid phase, while Model B
assumes that the pressure drop is exerted to fluid phase only. DEM has
also been coupled with particle-based methods and these
fully-Lagrangian coupling methods have been applied to complicated
liquid-solid two-phase flows. Sun et al. (2013, 2014) coupled DEM with
different particle-based methods, including SPH and MPS. The formu-
lation of the governing equations for the fluid phase is based onModel A.
These coupling methods have been successfully applied to the simula-
tion of two-phase dam-break and two-phase flows in the rotating cyl-
inder. Li et al. (2019) extended the MPS-DEM method to simulate the
non-Newtonian solid-liquid flows with a free-surface. Model B is also
used in the formulation of the governing equations for the fluid phase.
He et al. (2018) adopted GPU acceleration technique to improve the
efficiency of SPH-DEM model, which was used to simulate the agitated
flows. Markauskas et al. (2018) employed the SPH-DEM coupling model
to conduct the numerical analysis of wet plastic particle separation.
Harada et al. (2019) developed a MPS-DEM coupling model to simulate
the sediment transport process in the swash zone of the beach.
Furthermore, Harada et al. (2018) employed this MPS-DEM coupling
model to investigate the morphological dynamics of step-and-pool riv-
erbeds, revealing the effects of water surface fluctuations on step for-
mation/collapse. Tazaki et al. (2023) employed a 2D DEM-MPS coupled
model to simulate the gravel sediment transport process on a sloped
beach under regular waves. Tazaki et al. (2024) used a 3D MPS-DEM
coupling model to investigate the mechanisms of turbulence budgets
and sediment motion under plunging waves. In our previous work (Xie
et al., 2021, 2022), the MPS-DEM method with Model B has been
developed and applied for simulating the liquid solid flows in the hy-
draulic flows.

The merits and shortcomings of CFD-DEM (Eulerian-Lagrangian)
unresolved coupling models with different formulations have been dis-
cussed in a previous article (Feng and Yu, 2004). In the specific simu-
lation of gas fluidization of binary mixtures of particle, CFD-DEM with
Model B performed better than Model A. Zhou et al. (2010) also sum-
marized the coupling schemes of mesh-based method and DEM. It can be
concluded that Model A is more suitable for complex fluid-particle
two-phase flows than Model B. Although fully-Lagrangian unresolved
coupling methods with different formulations have been widely used in
the field of industry, the Model A and B have rarely been compared in
detail.

There are two publications (Jin et al., 2023; Meng et al., 2022)
related to liquid-solid dam-break flows impacting fixed structures. These
simulations are carried out by the Eulerian-Lagrangian coupling method
and Eulerian-Eulerian coupling method. The Fully-Lagrangian coupling
methods based on different models have also been employed to inves-
tigate liquid-solid two-phase dam-break flows. The surface profile (Tang
et al., 2018) and moving velocity of flows (Zhang et al., 2023) are
focused on. However, the dynamic pressure load and
water-sediment-structure interaction are rarely studied.

In this work, 3D MPS-DEM methods with governing equations that
are Model A and Model B are developed. In the first section, the
improved MPS method, the DEM method and their coupling algorithm
with different formulations are briefly presented. In the second section,
two numerical simulations are carried out by the 3DMPS-DEMmethods.
In the first example involving multi-particles sediment, the fluid pres-
sure, the kinetic energy of solid particles and the fluid forces exerted on
the sediment are recorded to assess the stability of 3DMPS-DEMmodels.

The second case involving liquid-solid two-phase dam-break flows is
simulated to demonstrate the accuracy of 3D MPS-DEM methods. In the
third section, numerical results of liquid-solid two-phase dam-break
flows impacting fixed structures are presented and discussed. Finally,
conclusions and future work are presented.

2. Numerical methods

2.1. Liquid phase

The liquid phase is simulated using the MPS by solving the local
average governing equations (Anderson and Jackson, 1969). In previous
studies, two formulations, referred to as Models A and B, were used.
Model A assumes that the pressure drop is exchanged between the fluid
phase and the solid phase, while Model B assumes that the pressure drop
is exerted solely on the fluid phase. The corresponding governing
equations for the fluid phase in liquid-solid flows can be written as,

Model A:

Dεfρf

Dt
+ ρf∇ • ud = 0 (1)

ρf
Dud

Dt
= − εf∇P+ μf∇

2ud − fA + εfρfg (2)

Model B:

Dεfρf

Dt
+ ρf∇ • ud = 0 (3)

ρf
Dud

Dt
= − ∇P+ μf∇

2ud − fB + εfρfg (4)

where subscript f represents the fluid particle. εf , ρf , P, μf , g and t denote
the porosity, the fluid density, the pressure, the dynamic viscosity, the
gravity acceleration vector and the physical time, respectively. ud (ud =

εfuf ) is the Darcy velocity and uf is the intrinsic velocity. fA and fB
denote the body force due to the momentum exchange between solid
phase and liquid phase. There is a relationship between fA and fB, given
by, fB =

fA
εf − εsρfg (Feng and Yu, 2004). εs represents the porosity of

solid. Therefore, Eq. (4) can be re-written as,

ρf
Dud

Dt
= − ∇P+ μf∇

2ud −
fA
εf

+ ρfg (5)

The interaction between MPS particles is governed by a kernel
function w(r), which plays a role of weight function in the discretization
process. In order to avoid non-physical pressure oscillations, the kernel
function presented by Zhang et al. (2014) is employed here, given by,

w(r) =

⎧
⎪⎨

⎪⎩

re
0.85r + 0.15re

− 1 0 ≤ r < re

0 r ≥ re
(6)

where r represents the distance between two MPS particles, and re is the
radius of particles interaction. re is set to 4.1 r0, where r0 is the initial
particle spacing.

The number density reflects the distribution of fluid particles. In the
liquid-solid two-phase model (Pahar and Dhar, 2017), the number
density can be modified as,

〈n〉i =
∑

j∕=i

w
( ⃒
⃒rj − ri

⃒
⃒
)

εj
(7)

where subscripts i and j are the MPS fluid particles, ri is the position
vector relative to origin, εj is the porosity of MPS particle j.

The particle interaction models contain gradient model, divergence
model and Laplacian model, given by,
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〈∇ϕ〉i =
d
n0
∑

j∕=i

ϕj + ϕi
⃒
⃒rj − ri

⃒
⃒2

(
rj − ri

)w
( ⃒
⃒rj − ri

⃒
⃒
)

εj
(8)

〈∇ • Φ〉i =
d
n0
∑

j∕=i

(
Φj − Φi

)
•
(
rj − ri

)

⃒
⃒rj − ri

⃒
⃒2

w
( ⃒
⃒rj − ri

⃒
⃒
)

εj
(9)

〈∇2ϕ〉i =
2d
n0λ

∑

j∕=i

(
ϕj − ϕi

)w
( ⃒
⃒rj − ri

⃒
⃒
)

εj
(10)

λ =

∑

j∕=i
w
( ⃒
⃒rj − ri

⃒
⃒
)⃒
⃒rj − ri

⃒
⃒2

∑

j∕=i
w
( ⃒
⃒rj − ri

⃒
⃒
) (11)

where ϕ is the physical quantities of MPS particles, d is the number of
space dimensions, λ is a parameter which is used to make the variance
increase equal to the analytical solution.

In MPS method, the pressure field is obtained by solving Poisson
Pressure Equation (PPE). Mixed source term method (Khayyer and
Gotoh, 2011; Tanaka and Masunaga, 2010) is adopted in this work,
given by,

Model A:

〈∇2pm+1〉i = (1 − γ)
ρf

Δt
∇ • u*i − γ

ρf

Δt2
〈nm〉i − n0

n0
(12)

Model B:

〈∇2pm+1〉i = (1 − γ)
εfρf

Δt
∇ • u*i − γ

εfρf

Δt2
〈nm〉i − n0

n0
(13)

where γ is the weight parameter and its value is set to 0.01 in this paper.
The free surface detection method based on the asymmetry distri-

bution of neighbouring particles is employed here, given by,

〈n>*
i 〈βn0 (14)

〈F〉i =
d
n0
∑

j∕=i

(
rj − ri

)

⃒
⃒rj − ri

⃒
⃒

w
( ⃒
⃒rj − ri

⃒
⃒
)

εj
(15)

〈F〉i > α
⃒
⃒F0
⃒
⃒ (16)

where F is the vector which represents the asymmetry distribution of
MPS neighbour particles. F0 is the F of the internal fluid particles at
initial time. Parameters β and α are set to 0.8 and 0.9, respectively.

2.2. Solid phase

The discrete solid particles are modelled by DEM, which is governed
by Newton’s second law, given by,

mk
Dvk
Dt

=
∑

l
FC

kl +mkg + Fintk (17)

Ik
Dωk

Dt
=
∑

l

MC
kl (18)

where the subscripts k and l represent the DEM particles that are in
contact with each other. mk, Ik, vk and ωk are the mass, the moment of
inertia, the translational velocity, and rotational velocities of DEM
particle k, respectively. FC

kl and M
C
kl are the contact force and moment,

respectively. Fintk is the hydrodynamic force exerted on the DEM
particles.

The DEM particles can be regarded as soft spheres (Cundall and
Strack, 1979), and the contact force is determined by the overlapping
parts. The contact model includes dashpots, springs and sliders. The
contact force FC

kl can be decomposed into the normal and tangential

components. the normal force FC,n
kl is given by,

FC,n
kl = − χnδn

kl − ηnvnkl (19)

where δn
kl and vnkl are the relative displacement and velocity in the

normal direction. χ and η represent the spring stiffness and damping
coefficient, respectively. The tangential force is given by,

FC,t
kl =

⎧
⎪⎪⎨

⎪⎪⎩

− χtδt
kl − ηtvtkl

⃒
⃒FC,t

kl

⃒
⃒ ≤ μs

⃒
⃒FC,n

kl

⃒
⃒

− μs

⃒
⃒FC,n

kl

⃒
⃒ δt

kl⃒
⃒δt

kl

⃒
⃒

⃒
⃒FC,t

kl

⃒
⃒ > μs

⃒
⃒FC,n

kl

⃒
⃒

(20)

where δt
kl and vtkl represent the relative displacement and velocity in the

tangential direction. μs is the friction coefficient.
The normal spring stiffness χn (Bu et al., 2022) can be calculated as,

χn =

̅̅̅
2

√

3
E

(1 − vs2)
̅̅̅̅
R

√
(21)

where vs and R are the Poisson’s ratio and the radius of solid particles.
The tangential spring stiffness χt (Yu et al., 2023) can be calculated as,

χt =
χn

(2+ vs)
(22)

The damping coefficient (Zhang et al., 2009) is given by,

ηn = − 2 ln (e)
( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

χnm
ln2 (e) + π2

√ )

(23)

ηt = − 2 ln (e)

( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
χtm

ln2 (e) + π2

√ )

(24)

where e is the coefficient of restitution.

2.3. Liquid-solid interaction

The fluid forces exerted on DEM particles include the drag force,
pressure gradient force, virtual mass force, and lubrication force.
Because the drag force and pressure gradient force dominate (Sakai
et al., 2012), other forces are not considered in present work.

The empirical drag force Fd
k is calculated as,

Fd
k =

βk

1 − εk
(uk − vk)Vk (25)

where Vk and εk are the volume and the porosity of solid particle k. uk is
the fluid velocity in the centre of solid particle k. Two drag models of
Ergun (1952) and Wen and Yu (1966) are combined. The coefficient of
the interphase momentum exchange βk is given by,

βk =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

150
(1 − εk)

2

εk

μf

d2k
+ 1.75(1 − εk)

ρf

dk
|uk − vk| εk ≤ 0.8

0.75Cd
εk(1 − εk)

dk
ρfε− 2.65k |uk − vk| εk > 0.8

(26)

where dk represent the diameter of the DEM particle k. Cd is the drag
coefficient, written as,

Cd =

⎧
⎪⎨

⎪⎩

24
Rek

(
1+ 0.15Re0.687k

)
Rek ≤ 1000

0.44 Rek > 1000
(27)

The Reynolds number in the centre of DEM particle k is defined as,

Rek =
εkρf dk|uk − vk|

μf
(28)
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Another weight function ws(r) (Sun et al., 2014) is employed to build
the fluid-particle interaction, given by,

ws(r) =

⎧
⎪⎨

⎪⎩

4
(

r
re

)5

− 5
(

r
re

)4

+ 1 r < re

0 r ≥ re

(29)

As it is integrable across the whole domain, a normalizer can then be
calculated analytically, given by,

ns =

∫ ∞

0
Ws(|rik|) • 4πr2dr = 10π

21
re3 (30)

Furthermore, the porosity of fluid particle i can be calculated as,

εi = 1 −
1
ns

∑

k

ws(|rik|)Vk (31)

The porosity and fluid velocity in the centre of DEM particle k are
calculated by neighbouring MPS particles with the weight function ws,
given by,

εk =

∑

i
εiws(|rki|)

∑

i
ws(|rki|)

(32)

uk =

∑

i
uiws(|rki|)

∑

i
ws(|rki|)

(33)

the total hydrodynamic force exerted on the DEM particles can be
written as,

Model A:

Fintk = Fd
k − Vk∇P (34)

Model B:

Fintk =
Fd

k
εk

− Vkρfg (35)

The reaction force exerted on the MPS particles is required to satisfy
the momentum conservation law, given by,

fA,i =
1
Vi

∑

k
Fd

k

⎛

⎜
⎝

ws(|rki|)
∑

j
ws(|rki|)

⎞

⎟
⎠ (36)

2.4. Time step

The incompressible MPS is a semi-implicit time-stepping approach,
whereas DEM is an explicit one. Typically, the time step in DEM simu-
lations is significantly smaller than that in MPS simulations. To ensure
the stability of the simulation, a relatively small time step is chosen for
the MPS-DEM coupling method, which, however, leads to high
computational costs. In this study, the Modified Sequential Staggered
(MSS) coupling algorithm for varying time steps (Sun et al., 2021) is
utilised for both of these methods to address this issue.

The time step of MPS needs to fulfill the Courant - Friedrichs - Lewy
(CFL) condition, which is expressed as,

uf ,maxΔtmps

dp
< C (37)

where uf ,max, Δtmps, dp and C denote the maximum velocity of fluid
particles, the time step, the initial particle spacing and the courant
number, respectively.

The time step of DEM (Thornton and Randall, 1988) is determined
by,

ΔtDEM <
πRmin

0.01631vs + 0.8766

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2ρs(1+ vs)
Es

√

(38)

where Rmin, ρs and Es are the minimum radius, density and the elastic
modulus of DEM solid particles, respectively.

3. Model verification

3.1. Multiple particle sedimentation

In this subsection, multiple particle sedimentation is simulated using
3D MPS-DEM methods with models A and B, firstly. Some model pa-
rameters used in different simulations in this study are the same, and
they are summarized in Table 1. The size of the rectangular container is
0.05m × 0.1m × 0.15m. The water depth is 0.1 m, and 7425 solid
particles are generated in the tank before the simulation. Fig. 1 shows
the initial distribution of MPS particles and DEM particles. The solid
particle group is distributed in the form of a simple cubic and about one
MPS particle spacing away from the bottom of the water tank. After a
period of time, due to the gravity of the particles themselves and the
non-physical pressure oscillation disturbance, the particles will settle to
the bottom and distribute more compactly.

In theory, the whole system will reach an equilibrium state in the
end.

Fig. 2 shows the velocity field of solid particles at t = 0.45s. It can be
noticed that some solid particles still exhibit velocity in the numerical
results with Model A, whereas most solid particles have velocities near
zero in those with Model B. Fig. 3 presents the time histories of kinetic
energy. The total kinetic energy of solid particles can be calculated as,
Ek =

∑
k
1
2mk|vk|2. A similar phenomenon can be observed as that in

Fig. 3. In the numerical results with Model A, the total kinetic energy of
solid particles increases gradually after t = 0.3s. In the numerical results
with Model B, the total kinetic energy of solid particles gradually de-
creases and tends towards zero. Fig. 4 shows the time histories of
pressure measured by the probe located at the centre of the bottom. The
pressure oscillates more violently in the numerical result with Model A
than that in the numerical result with Model B. Besides, the pressure
with Model B is closer to the analytic solution. The magnitudes of fluid
forces exerted on the sediment are presented in Fig. 5. Theoretically, the
whole system of liquid-solid two-phase will reach balance, and the
relative velocity between fluid and solid will become zero in the end.
Therefore, the magnitude of drag force exerted on the whole solid sys-
tem should approach zero. Besides, the pressure gradient force should be
equal to the buoyancy of solid particles in the still water. It can be
noticed that the drag force with Model B tends to be zero after t = 0.3s,
while the drag force with Model A continues to increase after t = 0.3s.
The pressure gradient force with Model A does not tend to a constant
value and oscillates with high frequency.

Table 1
Parameters in the simulations.

Fluid phase Values

Density (kg/m3) 1000
Kinematic viscosity (m2/s) 1.0 × 10− 6

Initial particle distance (m) 0.0027
Time step(s) 1.0 × 10− 4

Solid phase Values

Density (kg/m3) 2500
Radius (m) 0.00135
Young’s modulus (N/m2) 1.0×108

Poisson’s ratio 0.2
friction coefficient 0.2
Coefficient of restitution 0.9
Time step(s) 1.0 × 10− 6
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In general, the MPS-DEM method with Model B performs better than
that with Model A. This is because the gradient term, which is not stable
enough, is replaced by other equivalent term in the MPS-DEM method
with Model B.

In addition to the pressure probe arranged at the bottom centre,
pressure probes are also arranged at equal intervals on the side walls of
the water tank. Figs. 6 and 7 present the pressure distriubtion of flow
field by 3-DMPS-DEM (Model B). It can be noticed that the pressure field
near the interface does not oscillate violently and the numerical results
are in good agreement with the analytical solutions.

3.2. Liquid-solid two-phase dam-break flows

Liquid-solid two-phase dam-break was simulated in this subsection.
The numerical results are compared with experimental data (Sun et al.,
2013) to verify the accuracy of the 3D MPS-DEM method. The length of
the rectangular container is 0.2m. its width and height are 0.1m and

Fig. 1. Initial distribution of MPS particles and DEM particles - multiple par-
ticle sedimentation.

Fig. 2. Velocity field of solid particles at t = 0.45s - multiple particle
sedimentation.

Fig. 3. Time histories of kinetic energy of solid particles - multiple particle
sedimentation.

Fig. 4. Time histories of pressure at the centre of bottom - multiple particle
sedimentation.

Fig. 5. Time histories of the magnitudes of fluid forces exerted on the sediment
- multiple particle sedimentation.
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0.15m, respectively.
Fig. 8 shows the comparison between the simulation snapshots by

MPS-DEM with Model A, MPS-DEM with Model B, and experimental
photos (Sun et al., 2013). Figs. 9 and 10 present the shape of solid
sediment and the free surface. It can be noted that both the shape of the
sediment and the profile of the free-surface with Model B are in good
agreement with those in experiment. In the numerical results with
Model A, the sediment moves faster than the fluid, and its surface is not
very smooth, which is different fromwhat is observed in the experiment.

Figs. 11 and 12 present the time histories of the leading front of the
liquid-solid flows. It can be noticed that the numerical results with
Model B match well with experimental data. Some larger discrepancies
of the leading front of the sediment between the numerical results with
Model A and experimental data can be observed. The solid sediment in
the simulation with Model A moves faster than its counterpart in the
experiment, especially in the second half. The above analysis of the
numerical results implies that the pressure oscillation significantly im-
pacts the movement of solid particles in 3D MPS-DEM with Model A.

Additional simulations with initial MPS particle spacing (dp) being
0.002 m and 0.003 m are also conducted to verify the convergency of 3D
MPS-DEMwith model B. Figs. 13 and 14 present the time histories of the
leading front of the fluid phase and the solid bed with different MPS
resolutions. It can be noticed that the numerical results with different

MPS resolutions are almost consistent, showing the stability of 3D MPS-
DEM with model B.

Fig. 15 shows the snapshots of the fluid phase and the solid sediment
by 3-D MPS-DEM (Model B) at t = 0.15 s. It can be noticed that the
pressure field and the free surface of the numerical results with dp being
0.0027 m and 0.002 m is smoother than the numerical result with dp
being 0.003 m.

The time overhead of each part in MPS-DEM (Model B) in one MPS
time step is presented in Table 2. It can be noted that as the MPS reso-
lution increases, the time overhead of the DEM and coupling parts does
not increase significantly, while the time overhead of the MPS part in-
creases significantly.

In general, MPS-DEM with Model B is significantly superior to MPS-
DEM with Model A in terms of both stability and accuracy. Therefore,
MPS-DEM with Model B will be used in subsequent numerical
simulations.

4. Numerical results and discussion

4.1. Liquid-solid dam-break flows with a short obstacle

The impact of single-phase dam-break flows on a short obstacle was
experimentally investigated by Kleefsman et al. (2005). The sketch of
the model is shown in Fig. 16. The tank size is 3.22 m long, 1.0 m wide
and 1.0 m high. There is a water column that is 1.228m long, 1.0 mwide
and 0.55 m high, restricted to the left side of the tank. A short obstacle
with a length of 0.161 m, a width of 0.41 m, and a height of 0.161 m is
fixed downstream of the water column. A wave height gauge and a
pressure sensor are installed to monitor the wave height and water
pressure, as shown in Fig. 16. On the basis of this experiment,
Liquid-solid dam-break flows interacting with a short obstacle were
investigated numerically. Hs represents the height of sediment. A sedi-
ment column (1.228 m× 1.0 m× HS) is placed inside the water column.
The MPS particle spacing is set to 0.02 m and the radius of solid particle
is 0.0125 m. Other physical parameters are kept consistent with those in
the liquid-solid two-phase dam-break flow simulation. Four simulations
with HS = 0 m, 0.071 m, 0.113 m, and 0.152 m are conducted. The
corresponding numbers of solid particles are 0, 5760, 9600, and 13440,
respectively.

Fig. 17 presents the simulation snapshots of liquid-solid dam-break
flows with various HS. It can be noticed that before the dam-break flows
impact the obstacle, the wave front of water propagates faster as HS
decreases. Besides, the more solid particles there are, the faster the
sediment front moves, and the smaller the velocity difference between
the water front and sediment front is. When the dam-break flows impact
the obstacle, water splashing is generated. The splashing observed in the
clear water case is stronger than that in the water-sediment cases. Some
of the water carrying the solid particles passes through the sides of the
obstacle and impacts the left wall. The reflected water forms a wave
propagating towards the right wall.

Fig. 18 presents the hydrodynamic load exerted on the square
obstacle. It can be observed that in the case with more solid particles,
both the hydrodynamic force and pressure exerted on the square
obstacle are detected later, and the peak values of the detected hydro-
dynamic force and pressure are also smaller. The main reason is that
during the energy exchange between the fluid and the particles, the
liquid transfers part of its kinetic energy to the solid particles. For the
time interval when t is greater than 3.5s and less than 4.5s, the pressure
detected at point P1 shows a downward trend in all cases. Besides, the
fewer solid particles there are, the smaller the pressure detected at point
P1 is. For the time interval when t is greater than 4.5s and less than 6.0s,
the fewer solid particles there are, the earlier and the greater hydrody-
namic and pressure peaks are detected.

Fig. 19 exhibits the time histories of loads of solid particles exerted
on the square obstacle in the X direction. It can be noticed that the curve
variation tendencies are similar. However, there are still some

Fig. 6. Pressure field at t = 0.45 s by 3-D MPS-DEM (Model B) - multiple
particle sedimentation.

Fig. 7. Pressure distribution along the y-direction by 3-D MPS-DEM (Model B) -
multiple particle sedimentation.

F. Xie et al. Ocean Engineering 323 (2025) 120601 

6 



differences in various cases, including the peak response time and peak
value. In the case with the largest number of solid particles, the pressure
peak is detected the earliest, and the peak value is the highest.

Fig. 20 presents the wave height time histories at H1. It can be noted
that the tendencies of the curve’s variations are not highly similar. At

times less than 3 s, two peaks are observed in the cases with pure water
and initial sediment heights of 0.071m, while in the cases with initial
heights of 0.113m and 0.152m, only a single peak is observed.

Fig. 21 presents propagations of the water front and the sediment
front in simulated cases. It can be observed that solid sediments slow
down the velocity of water. As the number of solid particles increases,

Fig. 8. Comparison between the simulation snapshots by MPS-DEM with Model A, MPS-DEM with Model B, and experimental photos (Sun et al., 2013) - liquid-solid
two-phase dam-break flows.

Fig. 9. The shape of the free surface at t = 0.1s with different models - liquid-
solid two-phase dam-break flows.

Fig. 10. The shape of the solid sediment at t = 0.15s with different models -
liquid-solid two-phase dam-break flows.
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the velocity of water front decreases, while the velocity of the sediment
front becomes higher. However, the velocity of the sediment front is
always lower than that of the water. Furthermore, the more solid par-
ticles there are, the more synchronized the movement of the liquid front
and the sediment front becomes.

4.2. Liquid-solid dam-break flows with a square column

Many marine structures, such as bridge piers and risers, can be
simplified into square columns and vertical cylinders for research. In this
subsection, the MPS-DEM coupling method is employed to simulate the
liquid-solid dam-break flows impacting a square column. Fig. 22 pre-
sents the interactive model. The tank size is 1.6m long, 0.61m wide and
1.0m high. There is a water column, 0.4m long, 0.61m wide, and 0.3 m
high, restricted to the left side of the tank by a baffle. A layer of water
with a height of 0.01m is placed at the bottom of the tank on the right
side of the baffle. A wave height gauge and a pressure sensor are ar-
ranged in the tank and on the square column, respectively, as shown in
Fig. 22. The MPS particle spacing is set to 0.004 m and the radius of solid
particle is 0.002 m. Other physical parameters are kept consistent with
those in the liquid-solid two-phase dam-break flow simulation. Three
simulations with sediment height HS of 0m, 0.041m and 0.084m are
carried out.

Fig. 23 presents snapshots of the interaction between the dam-break
flow and a square obstacle at different liquid-solid ratios. At t = 0.25s,
the two-phase fluid-particle dam-break flow has not yet reached the
square column. Due to the presence of the bottom water layer, the liquid
front of the dam-break flow is prone to rolling. It can be observed that,
compared to the two-phase fluid-particle dam-break flow, the liquid
front of the pure water dam-break flow is larger. This is because the solid
particles slow down the velocity of the dam-break flow of liquid, making
its interaction with the water layer less violent. At t = 0.50s, the central
part of water climbs up along the square column. Due to the obstructive
effect, the velocity of the particles located in the middle decreases
rapidly and accumulates at the front of the square column. The liquid on
both sides of the square column, carrying solid particles, continues to
move forward, and a "cavity" forms behind the square column. At t =
0.75s, the fluid on both sides reaches the right wall of the water tank and
climbs up. At the same time, the fluid on both sides, carrying a small
amount of solid particles, moves into the "cavity." At t = 1.00s, the solid
particles further fill the "cavity" behind the square column, and the
shape of the "cavity" is triangular. Furthermore, it can be noted that the
"cavity" is smaller and disappears more quickly in the cases with a larger

Fig. 11. Time histories of the leading front of the fluid flows with different
models - liquid-solid two-phase dam-break flows.

Fig. 12. Time histories of the leading front of the solid sediment with different
models - liquid-solid two-phase dam-break flows.

Fig. 13. Time histories of the leading front of the fluid flows by 3-D MPS-DEM
(Model B) with different resolutions - liquid-solid two-phase dam-break flows.

Fig. 14. Time histories of the leading front of the solid sediment by 3-D MPS-
DEM (Model B) with different resolutions - liquid-solid two-phase dam-
break flows.
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initial sediment height. When 1.25s < t < 1.75s, waves form and
propagate towards the left side of the water tank. It can be observed that
the more solid particles there are in the cases, the slower the wave
propagation speed is. When 2.25s < t < 2.75s, in the case with an initial
sediment height HS = 0.084m, the solid particles almost cover the bot-
tom of the water tank; whereas in the case with an initial sediment
height HS = 0.041m, two small "cavities" form on.

Fig. 24 shows the time history of the hydrodynamic load exerted on
the square column. In cases when the proportion of solid particles is
higher, the hydrodynamic and pressure peaks are smaller and are
detected at later times. When 0.35s < t < 1.25s, the hydrodynamic and
pressure loads detected in different cases decrease. When 1.25s < t <
2.00s, the square column is subjected to reverse hydrodynamic force,
and the hydrodynamic force increases rapidly, which corresponds to the
impact effect between the waves reflected from the right wall and the
back of the square column. Reflected waves propagate towards the left
wall of the tank after passing by the square column, and the water level
in front of the square column increases, hence the water pressure
detected at point P1 increases. When 2.00s < t < 3.00s, the hydrody-
namic force exerted on the square column fluctuates around zero, with

smaller fluctuations observed in cases where there is a higher proportion
of particles. The pressure detected at point P1 gradually decreases in
different cases; meanwhile, the higher the proportion of particle quan-
tity, the greater the detected pressure is, which corresponds to a higher
water level near the probe.

Fig. 25 presents the loads of solid particles exerted on the square
column in the X direction. In the case with more solid particles, the peak
of the impact force on the square column is larger. Moreover, during the
time interval 2.00s< t< 3.00s, a significant reverse impact force of solid
particles exerted on the square column can also be detected. In contrast,
in the case with fewer particles (HS = 0.041m), the reverse impact force
of solid particles exerted on the square column is relatively smaller.

Fig. 26 illustrates the time histories of the wave height detected at
point H1. As the liquid front passes the wave height gauge, the wave
height gradually rises. During the time interval 0.3s < t < 0.7s, the rate
of water level rise at the wave height gauge slows down due to the
gradual decrease of inflow. The dam break flow climbs up along the
square column. Under the influence of gravity, the water overturns and
forms waves, causing the water level at the gauge to rise rapidly. In the
case with pure water, the water level rises most quickly; whereas in the
case with the largest number of solid particles, the water level rises most
slowly. The waves reflected by the square column then further move
towards the left wall of the tank, leading to a decrease of water level at
the wave height gauge. At around t = 1.50s, the waves reflected by the
right wall of the tank reach the wave height gauge, causing the water
level to rise again. When 1.50s < t < 3.00s, it can be observed that there
are multiple fluctuations, indicating that several waves have passed
through the gauge. The most number of fluctuations and the largest
fluctuation amplitude can be observed in the case with pure water. In
contrast, there are relatively fewer fluctuations and smaller fluctuation

Fig. 15. Snapshots of the fluid phase and the solid sediment by 3-D MPS-DEM (Model B) with different MPS resolutions at t = 0.15 s - liquid-solid two-phase dam-
break flows.

Table 2
Time consumed by each part of MPS-DEM (Model B) in one MPS time step -
liquid-solid two-phase dam-break flows.

dp (m) MPS part (s) DEM and coupling parts (s) Total (s)

0.002 4.40082 3.36281 7.76363
0.0027 1.83128 3.25171 5.08299
0.003 1.29677 3.24867 4.54544
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amplitudes in the cases with solid particles. In summary, solid particles
can significantly reduce the severity of the dam break waves.

Fig. 27 presents the time histories of the leading front position of the

fluid-particle flows in different cases. Similar conclusions can be drawn
from the simulation of liquid-solid dam-break flows interaction
impacting a short square obstacle. Solid particles will slow down the

Fig. 16. The sketch of the model - liquid-solid dam-break flows with a short obstacle.

Fig. 17. Comparison of simulation snapshots of dam-break flows with different HS - liquid-solid dam-break flows with a short obstacle.
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movement speed of the fluid front. The more particles there are, the
slower the fluid front moves. Conversely, the more solid particles there
are, the faster the sediment front moves. Additionally, it can be observed
that the square column does not significantly affect the movement of the
fluid-particle two-phase flow front.

5. Concluding remarks

In this paper, a new unresolved MPS-DEM coupling method is
developed to simulate the interaction between the liquid-solid dam-
break flows and rigid structures. This method fully utilises the advan-
tages of MPS in capturing complex free-surfaces and the ability of DEM

in simulating solid collisions. Two benchmarks are simulated to evaluate
the performance of the present method. Two MPS-DEM models with
different formulations, referred to as Models A and B are compared in
detail. Then, the MPS-DEM method is employed to investigate the
liquid-solid dam-break flows impacting rigid structures. The key con-
clusions drawn are as follows:

(i) In the first example of multiple particle sedimentation, the kinetic
energy, pressure, and fluid forces are recorded. The kinetic en-
ergy of the whole of solid particles falls close to zero and the fluid
pressure is very smooth in the simulation with Model B, while the
kinetic energy increases and pressure oscillates more violently in

Fig. 17. (continued).
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Fig. 18. Time histories of hydrodynamic loads exerted on the square obstacle - liquid-solid dam-break flows with a short obstacle.

Fig. 19. Time histories of the loads of solid particles exerted on the square
obstacle in the X direction - liquid-solid dam-break flows with a short obstacle.

Fig. 20. Time histories of the wave height at H1 - liquid-solid dam-break flows
with a short obstacle.

Fig. 21. Time histories of the leading front of the fluid-particle flows - liquid-
solid dam-break flows with a short obstacle.

Fig. 22. The sketch of the model - liquid-solid dam-break flows with a
square column.
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Fig. 23. Simulation snapshots obtained by MPS-DEM - liquid-solid dam-break flows with a vertical square column.
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Fig. 23. (continued).

Fig. 24. Time histories of the hydrodynamic loads exerted on the square column - liquid-solid dam-break flows with a vertical square column.
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the simulation with Model A. Besides, the drag force exerted on
the solid tends to be zero in the simulation with Model B, which is
almost identical to the theoretical solution. But both the drag
force and the pressure gradient force in the simulation with
Model A show significant discrepancies compared to the theo-
retical solution.

(ii) In the second example of two-phase dam-break flows, the shape
of the sediment, the profile of free-surface, and the leading front
of flows simulated by the 3D MPS-DEM with Model B are in good
agreement with those in experiment, whereas the surface of the
sediment is uneven in the simulation with Model A. In summary,
the 3D MPS-DEM with Model B performs better than the 3D MPS-
DEM with Model A in terms of accuracy and stability.

(iii) In the examples of liquid-solid dam-break flows with rigid
structures, as the concentration of solid particles increases, the
evolution rate of the dam-break flow decreases, while the velocity

of sediment movement increases. In the cases with the maximum
solid particle concentration, the peak pressure is the smallest,
while the impact force exerted by the solid particles is the largest.
Furthermore, solid sediment can significantly reduce the severity
of dam-break waves.

The results show that the proposed MPS-DEM coupling method may
provide a potential tool to simulate the interaction between the liquid-
solid flows and rigid structures. In the future, liquid-solid two-phase
flows with irregularly shaped particles will be considered. In addition, a
multi-GPUs acceleration technique with MPI parallel strategy will be
introduced to the MPS-DEM coupling method to improve its efficiency.
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Fig. 25. Time histories of the loads of the solid particles exerted on the square
column in the X direction - liquid-solid dam-break flows with a vertical
square column.

Fig. 26. Time histories of the wave height at the H1 - liquid-solid dam-break
flows with a vertical square column.

Fig. 27. Time histories of the leading front position of the fluid-particle flows -
liquid-solid dam-break flows with a vertical square column.
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Appendix

In theMPS-DEM, the fluid phase is regarded as a continuous phase. Its flow follows the law of conservation of mass andmomentumwhen expressed
in terms of local-average variables (Feng and Yu, 2004). Two formulations, namely models A and B, have been proposed by Gidaspow (1994). Model A
assumes that the pressure drop is shared between the fluid and solid phases, while model B assumes that it is only exerted on the fluid phase. In the
present appendix, the detailed derivation process of the PPE source term will be provided.

The governing equations (Model A) for the fluid phase in liquid-solid flows is given by, (A)

Dεfρf

Dt
+ ρf∇ • ud = 0 (A.1)

ρf
Dud

Dt
= − εf∇P+ μf∇

2ud − fA + εfρfg (A.2)

The time derivative in Eq. (A. 2) can be discretized in the following form, given by,

Dud

Dt
=
ud

m+1 − ud
m

Δt
= −

εf

ρf
∇P+

μf

ρf
∇2ud −

fA
ρf

+ εfg (A.4)

An intermediate velocity ud
*, corresponding to an intermediate density ρf

* is introduced. Thus, Eq. (A. 4) can be decomposed into two parts, given
by,

ud
m+1 − ud

* = −
εfΔt
ρf

∇Pm+1 (A.5)

ud
* − ud

m =

(μf

ρf
∇2ud −

fA
ρf

+ εfg
)

• Δt (A.6)

By taking the gradient of both sides of Eq. (A.5), Eq. (A.5) is rewritten as,

∇ud
m+1 − ∇ud

* = −
εfΔt
ρf

∇2Pm+1 (A.7)

The first term on left hand side of Eq. (A. 7) is equal to zero. Thus, Eq. (A. 7) can be reformulated as,

∇2Pm+1 =
ρf

εfΔt
∇ • ud

* (A.8)

The time derivative in Eq. (A. 1) can be discretized in the following form, given by,

εfρf
m+1 − εfρf

m

Δt
= − ρf∇ •

(
ud

m+1 − ud
* + ud

*) (A.9)

εfρf
m+1 − εfρf

*

Δt
= − ρf∇ •

(
ud

m+1 − ud
*) (A.10)

By substituting equation Eq. (A. 5) into equation Eq. (A. 10), another source term can be obtained, given by,

∇2Pm+1 = ρf
ρf

m+1 − ρf
*

ρfΔt2
= −

ρf

Δt2
〈n*〉i − n0

n0
(A.11)

The mixed source term can be rewritten as,

〈∇2pm+1〉i = (1 − γ)
ρf

Δt
∇ • u*i − γ

ρf

Δt2
〈nm〉i − n0

n0
(A 12)

Similar to the derivation process of Model A, the mixed source term in Model B can be expressed as,

〈∇2pm+1〉i = (1 − γ)
εfρf

Δt
∇ • u*i − γ

εfρf

Δt2
〈nm〉i − n0

n0
(B.1)
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