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ABSTRACT 

In this paper, a 3-D resolved MPS-DEM solver is developed for the 

simulation of tsunamis induced by rigid landslide. The fluid-slide-ramp 

interaction model is established based on the collision model and 

Pressure Integration (PI) method. In order to avoid the simultaneous 

participation of adjacent boundary particles of rigid slide and ramp in 

solving Pressure Poisson Equation (PPE) solution, a Dynamic Boundary 

particle Labeling (DBL) technique is proposed. Then, this solver is 

applied to simulate the subaerial and rigid landslide. Numerical results 

are in good agreement with experimental data. 

KEY WORDS:  MPS-DEM resolved method; Pressure integration; 

Dynamic boundary particle labeling; Rigid landslides. 

INTRODUCTION 

Due to changes of ocean environmental loads, surges induced by rigid 

landslides often occur. During the process of rigid landslides, the rigid 

landslide is simultaneously subjected to forces imposed by the ramp and 

fluid. And the nonlinear waves are generated and propagated. The waves 

may damage coastal marine engineering facilities and ships docked or 

sailing near the shore, and even threaten human life safety. However, due 

to the complex hydrodynamic pressure, it is difficult to accurately predict 

the trajectory of the landslide and the time histories of wave height. 

Therefore, how to predict the process of rigid landslide and the resulting 

wave propagation is always a difficult problem in coastal engineering 

research, which deserves the attention of researchers. 

With the rapid development of computer hardware, Computer Aided 

Engineering (CAE) technology has been developed continuously. For 

the simulation of fluid, Computational Fluid Dynamics (CFD) methods 

can be classified as mesh-based method and particle-based methods. 

There are no complex topological relationships between particles. 

Therefore, particle-based methods, such as Smoothed Particle 

Hydrodynamics (SPH) method and Moving Particle Semi-implicit (MPS) 

method, are better at capturing large deformations of free surfaces. 

Besides, the slide with arbitrary shape can be discretized into particles 

(Ji et al., 2020; Zhu et al., 2021; Peng et al., 2021). By establishing a six-

degree-of-freedom model, the interaction between the floating body and 

the fluid can be simulated. Discrete Element Method (DEM), as a mature 

solid mechanics calculation method, is often used to simulate the 

interaction between solids. By arranging DEM particles on the surface 

of a solid body, a solid-solid interaction model can be further built. 

In traditional strategies, the movement trajectory and velocity of the rigid 

slide are given before numerical simulation. However, the influence of 

fluid on the rigid slide is ignored. In addition, without experimental 

results, it is difficult to use those methods to study the fluid-rigid slide 

interaction process in other cases. Therefore, how to correctly simulate 

the interaction between contact surfaces is also a key concern for 

scholars. Amicarelli et al. (2015) proposed a SPH-based model that can 

simulate low-velocity collisions between solids. Yeylaghi et al. (2017) 

arranged a layer of Interface Fluid Particles (IFP) between the slide and 

the ramp. The IFP have the same properties and governing equations as 

fluid particles. However, the information of velocity and displacement 

of the IFP is given by the landslide particles. Zhang et al. (2021) 

proposed a motion model based on the formula of sliding friction. Wang 

et al. (2016) used the Discontinuous Deformation Analysis (DDA) 

method to simulate the movement of the rigid landslide. hydrodynamic 

load calculated by SPH is transferred to DDA, which provides dynamic 

boundary information for SPH. Tan et al. (2018) simulated the surge 

induced by rigid landslide using the SPH-DEM coupling method. 

Empirical formula is used to calculate the hydrodynamics exerted to the 

rigid landslide. Xu et al. (2021) proposed a SPH-DEM coupling method. 

The SPH ghost particles and DEM particles serve as the boundary of the 

rigid landslide. The reaction force of the boundary ghost particles on the 

fluid particles is the hydrodynamic force applied on the rigid slide. The 

boundary ghost particles move with DEM slide. In the above methods, 

the fluid forces or contact forces applied on the rigid landslide are mostly 

simplified. Therefore, it is necessary to establish a more accurate fluid-

rigid slide-ramp interaction model. 

The numerical methods have been widely used to investigated waves 

induced by the rigid landslide. Heller et al. (2016) used physical 

experiments and an open-source software (DualSPHysics) based on the 

SPH method to study the surge phenomenon caused by the landslide of 
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a solid with the leading-edge angle of 45°. 2-D landslides and 3-D 

landslides were compared in detail. Tan et al. (2018) compared the waves 

caused by rigid and granular slide based on the SPH-DEM method and 

studied the energy exchange and during the landslide process. Yeylaghi 

et al. (2017) used experiments and the ISPH method to study the 

interaction between the slide and non-Newtonian fluid (water-bentonite 

mixture). The experimental results of the free surface height variation 

are very close to the numerical results. Qi et al. (2022) simulated the 

waves induced by multi-block landslide based on the SPH method. They 

demonstrated the complexity of waves with energy analysis.  

In this work, a 3-D resolved MPS-DEM solver for the simulation of 

landslides is developed. Firstly, the improved MPS method, the DEM 

method and MPS-DEM coupled strategy are presented briefly. Then, two 

cases, including the subaerial landslide and submerged landslide, are 

simulated and compared with experimental data to validate the 3-D 

solver. 

NUMERICAL METHOD 

MPS formulation for fluid dynamics 

The fluid governing equations, including the continuity equation and 

momentum equation, can be written as follows: 

𝐷𝜌𝑓

𝐷𝑡
+ 𝜌𝑓∇ ⋅ 𝒖𝑓 = 0 （1） 

𝜌𝑓

𝐷𝒖𝑓

𝐷𝑡
= −∇𝑝 + 𝜇𝑓∇2𝒖𝑓 + 𝜌𝑓𝒈 （2） 

where subscript 𝑓 represents fluid, 𝒖𝑓 is fluid velocity vector, 𝜌𝑓 is fluid

density, 𝑡  is physical time, ∇ represents the Hamiltonian operator, 𝑝 

represents fluid pressure, 𝜇𝑓 is the dynamic viscosity coefficient of the

fluid, 𝒈 is the acceleration vector of gravity. 

The interaction between MPS particles is controlled by the Kernel 

Function (KF). A KF proposed by Zhang et al. (2014) is adopted in this 

paper, which is written as follows: 

𝑤(𝑟) = {

𝑟𝑒

0.85𝑟 + 0.15𝑟𝑒
− 1      0 ≤ 𝑟 < 𝑟𝑒

  0    𝑟 ≥ 𝑟𝑒

（3） 

where 𝑟  represents the distance between MPS neighbor particles, 𝑟𝑒

represents the effective radius. 

The inter-particle interaction models including the gradient model, 

divergence model, and Laplacian model are written as, 

⟨∇𝜙⟩𝑖 =
𝑑

𝑛0
∑  

𝑗≠𝑖

𝜙𝑗 + 𝜙𝑖

|𝒓𝑗 − 𝒓𝑖|
2 (𝒓𝑗 − 𝒓𝑖)𝑤(|𝒓𝑗 − 𝒓𝑖|) （4） 

〈∇ ∙ 𝜱〉𝑖 =
𝑑

𝑛0 ∑
(𝜱𝑗 − 𝜱𝑖) ∙ (𝒓𝑗 − 𝒓𝑖)

|𝒓𝑗 − 𝒓𝑖|
2

𝑗≠𝑖

𝑤(|𝒓𝑗 − 𝒓𝑖|) （5） 

〈∇2𝜙〉𝑖 =
2𝑑

𝑛0𝜆
∑(𝜙𝑗 − 𝜙𝑖)

𝑗≠𝑖

𝑤(|𝒓𝑗 − 𝒓𝑖|) （6） 

where subscripts i and j represent the number of fluid particles, 𝒓𝑖  and

𝒓𝑗  are the position vectors of fluid particles i and j, 𝜙 is the physical

scalar carried by the MPS particles, 𝜱 represents the physical vector 

carried by the MPS particles, 𝑑  is the spatial dimension of the 

computational domain, 𝑛0 is the particle number density under the initial

distribution, λ is a correction parameter, which is a compensation for the 

error caused by using a finite range kernel function to approximate an 

infinite range Gaussian function in the derivation process of the Laplace 

model, written as, 

𝜆 =
∑ 𝑤(|𝒓𝑗 − 𝒓𝑖|)|𝒓𝑗 − 𝒓𝑖|

2
𝑗≠𝑖

∑ 𝑤(|𝒓𝑗 − 𝒓𝑖|)𝑗≠𝑖

（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, 

〈∇2𝑝𝑚+1〉𝑖 = (1 − 𝛾)
𝜌

∆𝑡
∇ ∙ 𝒖𝑖

∗ − 𝛾
𝜌

∆𝑡2

〈𝑛𝑚〉𝑖 − 𝑛0

𝑛0 （8） 

DEM formulation for solid contact 

The discrete element method was firstly proposed by Cundall and Strack 

(1979). The DEM particles are treated as soft spheres, and the contact 

force between particles is determined by the overlap size of two colliding 

particles. The contact model consists of three parts: springs, dampers, 

and sliders.  

The contact force 𝑭𝑘𝑟
𝐶  between DEM particles and ramp can be 

decomposed into the normal component 𝑭𝑘𝑟
𝐶,𝑛

 and tangential component 

𝑭𝑘𝑟
𝐶,𝑡

. Both components consist of elastic force and damping force. 

𝑭𝑘𝑟
𝐶,𝑛 = −𝜒𝑛𝜹𝑘𝑟

𝑛 − 𝜂𝑛𝒗𝑘𝑟
𝑛 （11） 

𝑭𝑘𝑟
𝐶,𝑡 = {

−𝜒𝑡𝜹𝑘𝑟
𝑡 − 𝜂𝑡𝒗𝑘𝑟

𝑡 |𝑭𝑘𝑟
𝐶,𝑡| < 𝜇𝑠|𝑭𝑘𝑟

𝐶,𝑛|

−𝜇𝑠|𝑭𝑘𝑟
𝐶,𝑛|

𝜹𝑘𝑟
𝑡

|𝜹𝑘𝑟
𝑡 |

 |𝑭𝑘𝑟
𝐶,𝑡| > 𝜇𝑠|𝑭𝑘𝑟

𝐶,𝑛|
（12） 

where 𝜹𝑘𝑟
𝑛  and 𝜹𝑘𝑟

𝑡  are the normal and tangential displacement of the

particle, 𝒗𝑘𝑟
𝑛  and 𝒗𝑘𝑟

𝑡  are the normal and tangential velocity of the

particle, 𝜒𝑛and 𝜒𝑡 are the normal and tangential stiffness, 𝜂𝑛  and 𝜂𝑡  are

the normal and tangential damping coefficient, 𝜇𝑠  is the friction

coefficient. 

MPS-DEM coupled model 

DEM particles are arranged on the surface of rigid slide as shown in Fig. 

1. The contact forces and contact moments between the rigid slide and

the ramp can be calculated using DEM particles. The rigid slide is also

regarded as a floating body, and the hydrodynamic force exerted on the

sliding body is calculated by pressure integration. The governing

equation for the rigid slide can be expressed as,

𝑚𝑆

𝑑𝑽𝑆

𝑑𝑡
= 𝑚𝑆𝒈 + 𝑭𝑆

𝐶 + 𝑭𝐻
int （13） 

𝐼𝑆

𝑑𝝎𝑆

𝑑𝑡
= 𝑴𝑆

𝐶 + 𝑴𝐻
int （14） 

where 𝑚𝑆 is the mass of the rigid slide, 𝑽𝑆 is the velocity of the rigid

slide, 𝑭𝑆
𝐶  is the contact force exerted on the rigid slide, 𝑭𝐻

int  is the

hydrodynamic force, 𝐼𝑆  is the rotational inertia, 𝝎𝑆  is the angular

velocity, 𝑴𝑆
𝐶  is the contact moment. 𝑴𝐻

int is the moment caused by fluid

dynamics. 

2100



 

 

 

 
 

Fig. 1 Schematic diagram of rigid slide model 

 

In MPS method, the floating body is composed of boundary particles. 

The wall particles of the rigid possess the characteristics of both MPS 

particles and DEM particles, which can be used to calculate the 

hydrodynamic force and contact force exerted on the rigid slide 

respectively. The hydrodynamic force and hydrodynamic moment acting 

on the rigid slide are given by,  

 

𝑭𝑆
𝐶 = − ∑ 𝑝𝑖

𝑖

∙ 𝒏 ∙ ∆𝑆𝑖 （15） 

𝑴𝐻
int = − ∑ 𝒓𝐺,𝑖 × (𝑝𝑖

𝑖

∙ 𝒏 ∙ ∆𝑆𝑖） （16） 

 

where 𝑝𝑖 is the hydrodynamic pressure exerted on the wall particle 𝑖 in 

the MPS, ∆𝑆𝑖 is the corresponding unit area, 𝒓𝐺,𝑖 is the position vector 

of the wall particle relative to the center of mass of the rigid slide. 

 

Boundary particle Labeling (DBL) technique 

 
In the original MPS method, all wall particles that may interact with the 

the fluid particles participate in solving the pressure Poisson equation. In 

the fluid-rigid slide interaction problem, the wall particles of rigid slide 

and the wall particles of ramp are neighboring particles of each other, 

which affects the stability and accuracy of pressure field solution. 

Therefore, a Dynamic Boundary particle Labeling technique (DBL), as 

shown in Fig. 2. All wall particles are initialized as the ghost particles, 

and when fluid particles approach the boundary, the boundary particles 

are dynamically labeled as the wall particles. 

 

 
 

Fig. 2 Schematic diagram of Dynamic Boundary particle Labeling 

(DBL) technique 

 

NUMERICAL RESULTS 

 

Submarine rigid landslide  

 
In this sub-section, the submarine rigid landslide is simulated and 

numerical results are compared with the experimental data obtained by 

Heinrich (1992). The test model is shown in Fig. 3. The entire 

experiment is conducted in a narrow water channel with width of 0.55 m, 

water depth of 1.0 m. The fluid density id 997 kg/m3 and kinematic 

viscosity is 1.01×10-6 m2/s. A rigid slide with the cross-section being a 

wedge is placed at a ramp with a slope angle of 45 degrees. Its mass is 

140 kg. The elastic modulus is 72 GPa and Poisson's ratio is 0.33. The 

friction angle between the rigid slide and the contact surface is 0.6°. In 

the numerical model, the particle spacing of MPS is set to 2×10-2 m, and 

the time step is set to 1×10-4 s. The physical time in actuality is 5 s. 

 

 
 

Fig. 3 Schematic sketch of submerged rigid landslide model 

 

Displacement time histories of rigid slide in the vertical direction is 

shown in Fig. 4. In the initial stage, the numerical results obtained by 

ISPH (Yeylaghi et al., 2017) are in good agreement with experimental 

results. However, in the later stage, the velocity of rigid slide observed 

in simulation increases and the displacement is significantly higher than 

that in experimental studies. The numerical results of SPH-DDA (Wang 

et al., 2016) are significantly lower than experimental results in the initial 

stage. In contrast, the computational results obtained by MPS-DEM are 
much closer to the experimental data results in general. Additionally, it 

can be seen that the curve obtained by MPS-DEM is smoother, indicating 

that under severe disturbances, the fluid pressure and wall friction 

obtained by the MPS-DEM method are more accurate and stable. In 

summary, the MPS-DEM coupling method can accurately predict the 

motion process of rigid slide under fluid action.  

 

 
 

Fig. 4 Displacement time histories of rigid slide in the vertical direction 

- submerged rigid landslide 

 

Fig. 5 shows the shapes of free surface at t = 0.5 s and t = 1.0 s. Due to 

the narrow width of the water tank, the waves induced by the landslide 

do not exhibit significant three-dimensional effects. Therefore, both 2-D 

and 3-D results obtained by the MPS-DEM coupling method are in good 

agreement with experimental results, which indicates that the MPS-DEM 

coupling method can accurately simulate the surges caused by landslide. 
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(a1) t = 0.5 s 

 

 
(a2) t = 1.0 s 

Fig. 5 The shape of free surface at different instants - submerged rigid 

landslide 

 
Simulation snapshot obtained by MPS-DEM is shown in Fig. 6. During 

the process of rigid landslide, the fluid quickly fills the original position 

of the rigid slide. After the fluid impacts the top of the rigid slide, two 

flows are generated with opposite velocity directions. One of the flows 

climbs up along the ramp and its kinetic energy decreases. When it 

reaches the highest point, it rolls over and generated waves propagate to 

the right side of the water tank.  

 

Since the wall particles and fluid particles participate in the calculation 

of the pressure Poisson equation together, the ghost particles near the 

wall particles obtain the pressure through interpolation. Therefore, the 

wall particles close to the fluid particles carry the pressure, while the wall 

particles far away from the fluid particles should not carry the pressure. 

The types of boundary particles and pressure distribution on the ramp are 

shown in Figs. 7 and 8. It can be seen that in the numerical results without 

DBL technology, all boundary particles on the contact face between the 

rigid slide and the ramp are wall particles, which participate in the 

solution of the PPE. Therefore, those boundary particles not close to the 

fluid particles also carry pressure. Besides, the pressure distribution of 

the flow field around the rigid slide is also affected, which is obviously 

inconsistent with the actual situation. However, in the numerical results 

with DBL technology, all boundary particles on the contact face between 

the rigid slide and ramp are ghost particles, which do not participate in 

the solution of the PPE. The pressure value of those particles is zero, 

which is more consistent with the actual physical situation. This indicates 

that the proposed DBL technology can effectively avoid the incorrect 

distribution of pressure on the contact surface. Therefore, in subsequent 

numerical simulations in this paper, DBL technology is employed. 

 

 
(a1) t = 0.5 s 

 
(a2) t = 1.0 s 

 
(a3) t = 1.5 s 

 
(a3) t = 2.0 s 

 

Fig.6 Simulation snapshot obtained by MPS-DEM - submerged rigid 

landslide 

 

  
(a) Without DBL technique (b) With DBL technique 

  

Fig.7 Boundary particles’ type of the ramp - submerged rigid landslide 

 

 

  
(a) Without DBL technique (b) With DBL technique 

 

Fig.8 Pressure distribution of the ramp - submerged rigid landslide 
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Subaerial rigid landslide 
 

In this sub-section, the subaerial landslide (Heinrich, 1992) is simulated. 

the sketch of the numerical model is presented in Fig. 9. The water depth 

in the tank is 0.4 m. At the initial moment, the slide is placed on the ramp 

slightly above the water. Other parameters are consistent with that in the 

simulation of submarine rigid landslide. 

 

 
 

Fig. 9 Schematic sketch of subaerial rigid landslide model 

 

Fig.10 shows the displacement time histories of subaerial rigid landslide 

in vertical direction. It can be seen that the 2-D numerical results 

obtained by the SPH-DEM coupling method (Tan et al., 2018) are closer 

to the experimental results in the first half of the landslide process, while 

the 3-D numerical results simulated by the MPS-DEM coupled method 

are closer to the experimental results in the second half of the landslide 

process. Overall, the numerical results of both the MPS-DEM coupled 

method and the SPH-DEM coupled method are in good agreement with 

the experimental results. Although the SPH-DEM coupled method can 

also simulate the contact force between the rigid slide and the ramp, the 

fluid force exerted on the sliding body is calculated by a semi-empirical 

formula. In contrast, the hydrodynamic force is calculated through the 

integration of fluid pressure on the surface of the rigid slide by MPS-

DEM couped method, which is more realistic. 

 

 
Fig. 10 Displacement time histories of subaerial rigid landslide in 

vertical direction - subaerial rigid landslide 

 

Fig. 11 shows the shape of free surface at different instants. The two-

dimensional and three-dimensional numerical results obtained by MPS-

DEM are in good agreement with the experimental results. 

 

Time histories of water surface evolution at x = 4 m is presented in Fig. 

12. It can be seen that the curve obtained by the VOF method is 

significantly smoother than the curve obtained by the MPS-DEM 

coupled method. This is due to the non-physical pressure oscillation in 

the simulation by MPS method. Compared to mesh-based methods, the 

MPS method is more adept at capturing free surfaces. The first and 

second wave peak values obtained by the MPS method are closer to the 

experimental values than those obtained by the VOF method. Overall, 

the MPS-DEM coupling method can accurately simulate the process of 

subaerial rigid landslide and the propagation of waves.  

 

 
(a1) t = 0.6 s 

 
(a2) t = 1.0 s 

 
(a3) t = 1.5 s 

 
Fig. 11 The shape of free surface at different instants - subaerial rigid 

landslide 
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Fig. 12 Time histories of water surface evolution at x = 4 m - subaerial 

rigid landslide 

 

 

Fig. 13 shows simulation snapshots obtained by MPS-DEM. Under the 

action of gravity, the wedge slides down the ramp, giving a forward 

velocity to the nearby fluid. As the wedge moves, the water level around 

it rises. At around t = 0.53 s, the wedge suddenly stops due to external 

forces. Because of the inertia, the fluid detaches from the wedge. At this 

moment, a significant gap is formed between the wedge and the fluid. At 

t = 0.75 s, fluid rolls over under the action of gravity, forming the first 

wave. The fluid velocity is maximum at the wave peak.  

 

 
(a1) t = 0.6 s 

 
(a2) t = 0.75 s 

 
(a3) t = 1.00 s 

 
(a4) t = 1.25 s 

 
(a5) t = 1.50 s 

 

Fig. 13 Simulation snapshots obtained by MPS-DEM - subaerial rigid 

landslide 

 

CONCLUSIONS 

 

In this paper, a 3-D resolved MPS-DEM solver is developed for the 

simulation of tsunamis induced by rigid landslide. The MPS method is 

employed to simulate the incompressible fluid flow, while the DEM is 

used to build the rigid slide-ramp interaction. Besides, a Dynamic 

Boundary particle Labeling (DBL) technique is proposed, which can 

significantly reduce the non-physical pressure oscillation. The 

submarine and subaerial rigid landslides, are conducted by 3-D resolved 

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 slide body with more complex shape and multi-bodies 

slide will be also considered. 
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