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ABSTRACT 

 

The tsunamis induced by rigid landslides such as ice and rock may 
affect the safety of nearshore floating structures, since the generated 
waves tend to be strongly non-linear. In this work, a fully Lagrangian 
meshless method MPS-DEM is developed to solve the fluid–solid 
interaction problem. The improved moving particle semi-implicit (MPS) 
method is applied to simulate the incompressible fluid flow, while the 
Discrete Element Method (DEM) is used to build the solid-ramp 
interaction. The MPS-DEM coupled method is applied to simulate the 
subaerial rigid landslide-tsunamis. Numerical results agree well with 
experimental results. 
 

KEY WORDS:  Moving particle semi-Implicit method; Discrete 

element method; MPS-DEM coupled method; Rigid landslides. 

 

INTRODUCTION 

 

Landslides often occurs on the ramps near the ocean, rivers and 
reservoirs. Blocking of the rivers by the falling stones leads to dramatic 
change of environment. Besides, non-linear waves induced by 
landslides may pose a threaten to the safety of nearshore structures and 
people. Therefore, it is necessary to investigate the movement of 
landslides and the propagation of waves.  
 
Model experiment is one of mainly approach to evaluate the influence 
caused by landslides. Heinrich (1992) conducted experiments to study 
the surge induced by submarine and aerial landslides. The wave profile 
and the trajectory of solid bodies was investigated. Lin et al. (2015) 

experimentally investigated the interaction between the landslide-
induced surge wave and a dam. Heller et al. (2016) carried out a 3-D 
experiment to investigate the surge induced by subaerial landslides. 
These model experiments mentioned above are usually used to verify 
the accuracy of numerical methods.  
 
With the development of the computer hardware, many numerical 
techniques have been proposed for the simulation of complex flows. 
Particle-based methods show their superiority to capture the free-

surface with large deformation. Weakly Compressible Smoothed 
Particle Hydrodynamics (WCSPH) method was firstly proposed by 
Gingold and Monaghan (1977) for the problem of astrophysics. Then, 
SPH was widely applied for the problem of violent flows. In a few 
decades, Koshizuka and Oka (1996) developed Moving Particle Semi-
implicit (MPS) method to simulated the incompressible flows. There 
were some draw backs for particle-based methods, such as pressure 
oscillation and low computational efficiency. High order schemes 
(Khayyer et al.,2011; Liu et al., 2019; Duan et al., 2021) for gradient 
model and Laplacian model were developed to enhance the 

performance of particle-based method. Particle Shifting Technique 
(PST) (Xu et al, 2009; Khayyer et al, 2017; Duan et al., 2018; Sun et al, 
2019a) was also proposed to avoid errors and numerical oscillation 
bringed by uneven distribution of particles. With the help of multi-
resolution techniques (Sun et al., 2019b), parallel technique and GPU 
acceleration technique (Xie et al., 2020), the computational efficiency 
was improved obviously. With the efforts of several researchers, 
particle-based methods have been applied to solve more complicated 
problems, such as multi-phase flows (Khayyer et al., 2019, Wen et al., 
2021, Xie et al., 2021b), fluid-structure interaction (Khayyer et al., 
2021; Gotoh et al, 2021; Zhang et al., 2021b; Xie et al., 2021a) and 
flows passing through porous structures (Wen et al., 2018; Khayyer et 

al., 2018). 
 
The particle-based method was also used to simulate the landslide 
process. In the traditional strategy, the velocity and the trajectory of 
landslide was prescribed according to the experimental results before 
the simulation (Tan and Chen, 2017). However, the effect of the fluid 
to the slides was ignored and it is difficult to investigate other landslide 
processes without experimental results. Many approaches were 
introduced to SPH for the slide-ramp interaction. Yeylaghi et al. (2016) 
arranged a layer of fluid particles on the interface between the slide and 
the ramp in. The velocity and displacement of interface fluid particles 

were updated according to movement of the slide. The hydrodynamics 
exerted on the slide were calculated by integral of pressure on the slide 
boundary particles. However, the friction of slide-ramp was not 
considered and the velocity measured by SPH was slightly higher than 
that by experiment. Zhang et al. (2021a) introduced a Rigid Slide 
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Motion Model (RSMM) to the WCSPH framework. The velocity and 
displacement of the slide measured by WCSPH-RSMM was in good 
agreement with experimental results. Qi et al. (2022) carried out the 

simulation of multi-bodies slides by adopting an improved dynamic 
boundary condition. 
 
Discrete Element Method (DEM) was usually used to build the solid-
solid interaction and successfully applied to the simulation of large-
scale landslide (Zhou et al., 2021). The DEM was also coupled with 
SPH, in which DEM was used to model the interaction between rigid 
slide and ramp. Tan et al. (2018) coupled proposed a 2-D SPH-DEM 
model and take the advantages of DEM to model the slide-ramp 
interaction. The hydrodynamics applied on the block are empirical and 
the numerical results may be affected due to the selection of some 

parameters. Xu and Dong (2021) developed a 3D SPH-DEM method to 
simulate multi-bodies slides. Dynamic Boundary Particles (DBPs) was 
adopted to couple the DEM brocks and SPH particles.  
 
In this work, a new MPS-DEM coupled scheme for the simulation of 
landslides is developed. Firstly, the improved MPS method, the DEM 
method and MPS-DEM coupled strategy are introduced briefly. 
Secondly, two test cases, including the subaerial landslide and 
submarine landslide, are simulated and compared with experimental 
results to verify the MPS-DEM model. 
 

NUMERICAL METHOD 
 

MPS formulation for fluid dynamics 
 
The governing equations of the fluid involves mass conservation 
equation and momentum conservation equation, given by, 
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where the u , t ,  , P ,   and g  represent the velocity vector, time, 

fluid density, pressure, kinematic viscosity of the fluid and gravity 

acceleration vector, respectively. 

 
The kernel function reflects the interaction strength of particles. A 
kernel function (Zhang et al., 2014), which can avoid the singular point, 
is employed here. 
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Terms in the governing equations as discretized as follows， 
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where ϕ represents the physical quantity carried by MPS particles, d is 

the number of space dimension, 0n is the initial particle density, r  is 

the position vector relative to origin,   is a parameter to make the 

increase of variance equal to the corresponding analytical solution 
(Koshizuka and Oka, 1996), given by, 
 

2(| |) | |

(| |)

j i j i

j i

j i

j i

W

W






−  −

=
−





r r r r

r r
                                                                (7) 

 
Pressure information is obtained by solving the Pressure Poisson 
Equation (PPE). In order to balance between stability and accuracy, a 
mixed source method (Tanaka et al., 2010; Khayyer and Gotoh, 2011) 
is adopted, defined by, 
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DEM formulation for solid contact 
 

In the traditional DEM theory, the motion of particle is governed by 

Newton’s second law. However, the velocity and displacement DEM 

particle will not be updated after calculating the contact force in this 

work. The contact force is calculated based on the contact model, 

which consists of springs, dashpots and sliders. The DEM particles are 

regarded as soft spheres and they can overlap with each other. The 

overlap is equal to the deformation of the springs. The contact force cF  

can be decomposed into the normal component n

c
F  and tangential 

component t

cF . Both components consist of elastic force and damping 

force.  
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where k  and d are the spring constant and damping coefficient, 
nδ and tδ are the normal and tangential relative displacement, nv  and 

tv  are normal and tangential relative velocity,   the friction 

coefficient. 
 

MPS-DEM coupled model 

 
The MPS-DEM coupled strategy is shown in Fig. 1. The rigid landslide 
is regarded as the floating body as previous work (Zhang and Wan, 
2017). The motion of rigid landslide is governed by,  
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where M and GI  are the mass and inertial moment of the rigid 

landslide, GV and Gω  are the linear and angular velocity in the gravity 

center of the rigid landslide, L

cF  and L

cT  are the total contact force and 

moment applied to rigid landslide. 
  
The wall particles have both characteristics of MPS and DEM. The 
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solid-solid contact force and moment is transferred from DEM particles 
to the MPS floating bodies, given by,  
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where the subscript k represents the DEM particle, Nd is the number of 

DEM particles attached to the floating body, Gr  is the position vector 

relative to the gravity center. 
cF is the total contact force exerted on 

each DEM particle.  

 
The hydrodynamics and hydraulic moment exerted on the floating 
bodies is calculated by the integral of fluid pressure.  
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where hF is the total hydrodynamics applied to the floating body, Nw  

is the number of wall particle, ip  is the pressure of wall particle i, in is 

the unit normal vector, is  is the area of virtual panel. 

 
The DEM particles do not update their velocity and displacement after 
obtaining the contact forces, and move with the motion of rigid 
landslide.  

 
Fig. 1 MPS-DEM coupled strategy 

NUMERICAL RESULTS 
 

Submarine rigid landslide 

 
In this sub-section, the experiment of submarine landslide carried out 
by Heinrich (1992) employed to verify the accuracy of MPS-DEM 
model. Fig. 2 presents the sketch of the numerical model. The water 
depth is 1m. A rigid landslide with the cross-section being a wedge is 
placed at a ramp with a slope angle of 45 degrees. The density of the 
wedge is 2000 kg/m2. Other parameters of the simulation are presented 
in the Tables 1 and 2 in detail. 

 
Table 1. MPS parameters in the simulation of submarine rigid landslide 
 

Parameter Unit Value 

Fluid density kg/m2 1000 

Kinematic viscosity m2/s  1×10-6 

Gravitational acceleration  m/s2 -9.81 

Time step s 1×10-4 

Particle spacing m 0.01 

Particle number - 35924 

 
Table 2. DEM parameters in the simulation of submarine landslide 
 

Parameter Unit Value 

Spring constant N/m 7×108 

Damping coefficient N·s2/m  3.5×104 

friction coefficient - 0.27 

Time step s 1×10-6 

Particle number - 147 

 
Fig. 3 presents the vertical displacement of the rigid landslide. The 
numerical results are in good agreement experimental data, which 
indicates that developed method can simulate the solid-solid interaction 
accurately during the slide process. 
 
Fig. 4 shows the free surface elevations at t = 0.5s and t = 1.0s. 
Although the wave elevations near the rigid slide by MPS-DEM is 
obviously lower than that by experiment when t = 0.5 s. It can be 

noticed that the free surface profiles obtained by MPS-DEM match well 
with the experimental data in general.  

 
Fig. 2 Sketch of the numerical model for submarine rigid landslide 
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Fig. 3 Vertical displacement time histories of the rigid landslide 

measured by Heinrich (1992) and simulated by MPS-DEM - submarine 
rigid landslide 

 

Fig. 4 Free surface elevations at (a) t = 0.5s and (b) t = 1.0s measured 
by Heinrich (1992) and simulated by MPS-DEM - submarine rigid 
landslide 
 

Fig. 5 presents snapshots of pressure field and wave evolution at 
different instants. It can be noted that the pressure field is very smooth. 
The pressure field far away from the ramp is rarely affected by the 

sliding process in the whole simulation, which is consistent with actual 
situation. When t = 1.0 s, an unphysical phenomenon can be observed. 
The fluid becomes detached from the vertical wall of the rigid slide. 
The negative pressure may exist, which is not considered in present 
work. The TIC technique (Lyu et al., 2021) will be implemented to 
MPS-DEM model to avoid this phenomenon. 
 

Subaerial rigid landslide 
 
In this sub-section, the subaerial landslide (Heinrich, 1992) is simulated. 
the sketch of the numerical model is presented in Fig. 6. The water 
depth is 0.4 m and the rigid slide is placed above the water surface 
initially. The friction coefficient is set to 0.36, which is slightly higher 
than that in the case of submarine rigid landslide. This is because the 

submarine rigid slide contact with the wet surface during the whole 
process, while the subaerial rigid landslide is in contact with the dry 
surface for a period of time. Other parameters are consistent with that 
in the simulation of submarine rigid landslide. 
 
The numerical results agree with the experimental data in terms of 
vertical slide displacement as shown in Fig. 7. Fig. 8 shows the free 
surface elevations at different instants. Computational results basically 
coincide with the experimental data. The first wave simulated by MPS-
DEM are in good agreement with experimental results in terms of 
phase and peaks. There are also some small discrepancies, which can 

be observed. The second wave in simulation propagates slower than 
that in experiment, while their peaks are coincident. 
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Fig. 7 Vertical displacement time histories of the rigid landslide 

measured by Heinrich (1992) and simulated by MPS-DEM - subaerial 

rigid landslide 

 
 
Fig. 9 shows the snapshots of pressure field and wave evolution at 
different instants. Due to the sudden stop of slide, there is velocity 
difference between the rigid slide and fluid. Therefore, the fluid 
detaches from the slide at t = 0.6s. The first wave is generated at t = 
1.0s and the second wave is generated at t = 1.5s. The pressure field is 

changed dramatically with the travel of waves. 
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CONCLUSIONS 

 
In this paper, a fully Lagrangian meshless method MPS-DEM is 
developed to solve the fluid–solid interaction problem. The MPS 
method is employed to simulate the incompressible fluid flow, while 

the DEM is used to build the solid-ramp interaction. Two simulations, 
including the submarine rigid landslide and subaerial rigid landslide, 
are conducted by MPS-DEM coupled method. The numerical result is 
in good agreement with experimental data, showing the accuracy of the 
coupled method. In the future, the model will be extended to a 3-D 
model and multi-bodies slide will be also considered. 

 
Fig. 5 Snapshots of pressure field and wave evolution at: (a) t =0.25s, (b) t =0.5s, (c) t =0.75s, (d) t =1.0s, (e) t =1.25s, (f) t =1.5s - 

submarine rigid landslide 

 

 
Fig. 6 Sketch of the numerical model for subaerial rigid landslide 

 

 
Fig. 8 Free surface elevations at (a) t = 0.6s, (b) t = 1.0s and (c) t = 1.5s measured by Heinrich (1992) and simulated by MPS-DEM – 

subaerial rigid landslide 
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