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Abstract 

The Weakly-Compressible Moving Particle Semi-implicit (WC-MPS) approach is applied 

to investigate the wave propagation and the flow fields from sliding blocks. Two bed 

inclined slope angles at 40° and 50° are used to obtain the experimental results. Existing 

studies have focused on an inclination slope of 45°.  The characteristics of the free surface 

at the two specific angles of 40° and 50° have yet to be examined in detail, where 50° is 

the maximum angle in the experimentation. Sliding blocks are released under water and 

the top edges are parallel to the water surface. The simulation results are compared to the 

experimental measurements on the moving water surface and the velocity distribution at 

specific locations. To analyze the flow fields, contour and vector plots illustrate the flow 

characteristics for the entire velocity distribution in the simulation domain along with the 

vortex movements from the sliding block. Two case scenarios are presented to investigate 

the velocity distribution of the sliding block. For the first case scenario, seven cross-

sections, including the front edge, the top edge, and the back edge of the sliding block were 

selected to further identify the characteristics of the horizontal and vertical velocity 

distributions. The second case scenario has five specific locations at the front, top and back 

edge of the block. A good agreement can be observed between the WC-MPS simulated 

results to the experimental data. 
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  : INTRODUCTION 

1.1 Background 

Wave generated by landslide occurs when a large mass moving down the slope disturb the 

overlying water and create tsunami waves. Based on the initial condition of the landslide 

masses and water body interaction, there are three commonly classifications used to 

identify the categories of the landslide: submarine, subaerial, and partially submerged. 

Generally, the tsunamis (impulsive waves) are occurred in most of the water bodies 

including the reservoirs, mountainous rivers, lakes, and oceans (Fritz, 2002). Due to the 

speed of tsunami wave propagation, the landslide-tsunami hazard has become destructive 

natural disasters threatening life and infrastructure. As showing in Figure 1-1, on July 8, 

1958, a rockslide generated wave ran up to 524m causing an approximate 10km2 

destruction areas at the Lituya Bay (Fritz et al., 2001). Moreover, another famous 

engineering disaster is known as the 1963 Vajont case in Italy (Müller-Salzburg, 1987), 

which occurred by about 700,000m3 of sliding masses causing a 260m height of the wave 

above lake level (Figure 1-2). While, over 2000 people has been washed away in villages 

and towns since the flood descended the Piave River Valley (Müller-Salzburg, 1987). 

Slingerland and Voight (1979) summarized many worldwide cases of the generated 

landslides-tsunami. The impact of the subaerial landslide is devastating; another recent 

example in 2015, a large landslide with 180 million tons of rock was sent into Taan Fiord, 

Alaska, the glacial retreat, contributed an unstable slope and generated tsunami resulting 

in a wave reach to 193 m high. As a result, one of the highest tsunamis scale was detected 
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(Higman et al., 2018). These reviews provide the importance of investigating on the 

occurrences and properties of the tsunami wave.  

The study of the physical properties of the generated landslide-tsunamis (impulsive waves) 

has a dramatic increasing in recent decades. Many researchers are focusing on the 

configuration of the impulsive waves including the amplitude of the wave (Heinrich, 1992; 

Wiegel, 1955). Meanwhile, the affecting factors of the impulsive waves have attracted the 

researchers to pay more attention. In order to understand the complexities of the impulsive 

waves, investigations of the landslides on different affecting factors namely water depth, 

velocity of sliding masses, configuration of sliding masses, initial condition of landslides, 

and inclined slope angle have been studied by several researchers (Ataie-Ashtiani and Nik-

Khah, 2008; Ataie-Ashtiani and Shobeyri, 2008; Fritz, 2002; Grilli and Watts, 2005; Heller 

et al., 2016; Jin et al., 2016; Watts, 1997). Despite the investigation of these affecting 

factors, the inclined slope angle indicates a significant role related to the real life since the 

gravitational force applied the major external force into these specific landslide cases. Thus, 

researchers start to investigate the effectiveness by using the experimental test, and 

numerical simulation. 
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Figure 1-1. Shows the dimensions of the landslides of Lituya Bay case (Photos: courtesy 

of Charles L. Mader). 
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Figure 1-2. Shows the town of Longarone before and after the Vainot case occurred. 

(1963 Vajont Survivor’s Committee Image source) 

http://www.environmentandsociety.org/arcadia/expecting-disaster-1963-landslide-vajont-

dam 

 

 

 

 

The town of Longarone, Italy, before the landslide, 1963. The town of Longarone after the dam was overtopped by a giant wave. 

http://www.environmentandsociety.org/arcadia/expecting-disaster-1963-landslide-vajont-dam
http://www.environmentandsociety.org/arcadia/expecting-disaster-1963-landslide-vajont-dam
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1.2 Experimental study 

It is important to investigate and understand the impacts caused by tsunami waves.  This 

can be accomplished by physical modeling in order to comprehend and refine the 

prediction methodology in mitigating tsunami hazards. Previous studies in numerical 

modeling of tsunami wave generation included rigid and deformable wedge sliding on a 

slope. Laboratory studies on landslide problems includes either two-dimensional (Fritz, 

2002; Grilli and Watts, 2005; Heinrich, 1992; Wiegel, 1955), or three-dimensional 

experimentation (Enet and Grilli, 2007; Grilli and Watts, 2005; Liu et al., 2005). A wave 

can be generated by a rigid body sliding down a slope plane (Liu et al., 2005) or a landslide 

made by granular material (Watts, 1997). Wiegel (1955) introduced both the landslide 

masses falling vertically or sliding on an inclined slope under submerged conditions. The 

author’s results showed that the height of the generated waves relies on the initial depth of 

submerged block and the water depth. Additionally, the authors concluded that the wave 

period increases with the increasing length of the submerged block.  However, the wave 

period decreases with a greater inclined slope angle. Liu et al. (2005) used a wedge with 

two different orientations and a hemisphere shaped wedge in their experiments. The initial 

condition of the landslide mass varied from fully aerial to totally submerged. Moreover, a 

range of sliding block with varying mass was used to alter the initial acceleration. Fritz 

(2002) conducted a series of experiments of deformable and rigid landslides with two-

dimensional laboratory model. His investigation was mainly focusing on the relevant 

factors of the impulsive waves including the weight of sliding masses, sliding speed, water 

depth and thickness of landslide masses. With a particular inclined angle (45°) through all 

his experiments, he mentioned that based on the Froude number and the dimensionless 
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thickness of slide masses, four different types of wave can be observed including weakly 

non-linear oscillatory wave, non-linear transition wave, solitary-like wave, and dissipative 

transient bore. Ataie-Ashtiani and Nik-Khah (2008) conducted a series of experiments for 

both rigid and deformable material sliding on inclined slopes. Their investigations mainly 

focused on effective parameters that will affect the water surface and the impulsive wave 

characteristics. The major concern of their study was the inclined bed slope angle, 

geometry of the sliding blocks, velocity of the sliding blocks, and the water depth. 

Compared to previous experiments (Ataie-Ashtiani and Nik-Khah, 2008; Enet and Grilli, 

2007; Watts, 1997; Wiegel, 1955), most of the research focused on the effective parameters 

of the altitude of impulsive wave; however, experimental research on the characteristics of 

the flow field is limited. 

1.3 Numerical study 

Mathematical analysis is also applicable to study engineering and science problems using 

the numerical approximation. In recent decades, the advance development of computing 

enhances its position and raise the use of numerical analysis in the engineering and science 

area. Engineers investigate the methods applied to the intractable problem, the strengths 

and pitfalls as well as the way to implement. Numerical analysis provides the efficiency, 

feasibility and flexibility to better collaborate with the research. In order to have a better 

result, researchers take adequate underlying models in the proper mathematical modeling 

of the processes.  

  

A nonlinear Eulerian code, Nasa-Vof2D, has been used by Heinrich (1992) to study 

landslide tsunamis. This method solves incompressible Navier-Stokes equations by a 
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mesh-based method. Liu et al. (2005)  used the Smagorinsky subgrid model, which utilizes 

the Large Eddy Simulation (LES) method to study the three-dimensional sliding masses. 

Abadie et al. (2010) introduced a model using Direct Numerical Simulation (DNS) of 

Navier-Stokes equations to simulate two- and three-dimensional landslide tsunamis. The 

mesh-based method has shown good agreement on simulating the complex flows and the 

wave propagation (Grilli and Watts, 1999; Yuk et al., 2006) of tsunami waves. The mesh-

based methods, like finite difference method (FDM) and finite volume method (FVM) are 

based on the Eulerian approach that have evolved over decades to solve fluid problems. In 

addition, the Lagrangian method has been applied in both mesh-based and mesh-free 

methods. Compared to the mesh-based methods, the mesh-free methods connect points 

without a certain connectivity requirement (i.e. mesh). All physical properties have been 

carried and calculated within a particle instead of a mesh or a grid. Thus, the mesh-free 

methods are more robust in addressing the free surface problems. The two well-known 

mesh-free Lagrangian approaches are the Smoothed Particle Hydrodynamics (SPH) 

approach and the Moving Particle Semi-implicit (MPS) methods.  

The SPH method was introduced by Lucy (1977) and Gingold,R.A. and Monaghan (1977) 

in astronomic studies. In the past few decades, the SPH method has been widely applied in 

many engineering fields. Monaghan and Kos (2000) applied the weakly compressible SPH 

(WC-SPH) method into a subaerial landslide study. Qiu et al. (2017) combined the WC-

SPH method and the Discrete Element Method (DEM) to simulate landslide tsunamis for 

both rigid and deformable sliding masses. Ataie-Ashtiani and Shobeyri (2008) introduced 

the implicit incompressible SPH (ISPH) method to study landslide generated waves for 

both rigid and deformable sliding masses. Yeylaghi et al. (2017) presented a parallel ISPH 
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model to simulate the landslide generated wave for both subaerial and submarine landslide 

in two- and three-dimensions. The specific set-ups for the angle of the incline bed slope 

were 45° for both rigid and deformable slides and vertical falling of a rigid box. The 

contour plot of the normal velocity showed the location of the vortex with a good 

agreement to the water surface as compared to the numerical and experimental results.  

The MPS approach was first presented by Koshizuka and Oka (1996) to simulate 

fragmentation of incompressible fluids. Shakibaeinia and Jin (2009) developed the weakly 

compressible MPS (WC-MPS) approach for solving incompressible flow problems. 

Shakibaeinia and Jin (2012a, 2012b) employed multiphase model to simulate complex 

flows. Fu and Jin (2015) used the WC-MPS method to investigate landslide tsunamis for 

both rigid and deformable slides. A good corresponding result to the water surface changes 

can be found in their studies. However, their studies on landslide generated waves did not 

provide details of the flow pattern, in particular, of the velocity distribution in the 

simulation domain. Jin et al. (2016) used a similar method and illustrated detailed 

information of the flow fields to study the velocity distribution at certain locations for rigid 

landslide masses under three different water depth scenarios. However, the information 

was only available at the top edge of the sliding block. Details of the contour and vector 

plots were shown in the simulation domain. All of these investigations are on the landslide 

generated waves (Fu and Jin, 2015; Jin et al., 2016; Tajnesaie et al., 2018) on a specific 

bed slope angle of 45°. 

1.4 Scope of thesis 

The present study aims to present more detailed information on the landslide generated 

waves and the flow fields. The WC-MPS method is applied in this study to simulate 
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landslide tsunamis at two different bed slope angles of 40° and 50°. Sliding block released 

under water were studied by experimental data and compared to the numerical simulations. 

Chapter 2 will present the methodology of WC-MPS method. Chapter 3 will introduce the 

experimental set-up. The results comparing the numerical and experimental data will be 

illustrated in Chapter 4. Firstly, a validated comparison of the water surface will be 

presented and the simulated results of the velocity distribution along the sliding block is 

compared to the experimental measurements. The horizontal and vertical velocity 

distribution at the tail, the top surface and front toe of the sliding block are investigated in 

greater detail. Detailed flow information including the flow field information of both depth-

averaged velocity distribution and contour plot is examined. The vorticity magnitude with 

the vector plot will represent the vortex movement. A summary of this work is discussed 

in Chapter 5. 

 

 

 

 : METHODOLGY 

2.1 Governing equation 

The calculation of an incompressible Newtonian fluid flow is introduced by the continuity 

and momentum equations. Since the MPS is using the Lagrangian approach, the continuity 

equation with its vector form can be written as: 
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1

𝜌

𝐷𝒖

𝐷𝑡
= −𝛻 ∙ 𝒖 (2.1) 

and the momentum equation is described by 

 
𝐷𝒖

𝐷𝑡
= −

1

𝜌
∇𝑝 + 𝑣∇2𝒖 + 𝑓 (2.2) 

 

where ρ is the fluid density, p is the pressure, u is the velocity vector, f is the external force 

(i.e. gravity),  is the kinematic viscosity,  𝛻  is the gradient operator which will be 

introduced in section 2.4.  

2.2 Weighting function 

In the MPS method, the simulation domain is described by a set of disordered particles. An 

approach to distribute a particle’s contribution that interacts with each other in its vicinity 

has been introduced as a kernel function (weighting function). In this paper, a third-order 

polynomial kernel function W has been employed to the MPS method (Batchelor, 1967; 

Shakibaeinia and Jin, 2012b) as: 

 

 𝑊(𝑟𝑖𝑗 , 𝑟𝑒) = {
(1 −

𝑟𝑖𝑗

𝑟𝑒
)3                 𝑟𝑖𝑗  ≤   𝑟𝑒     

  0                               𝑟𝑖𝑗  ≥   𝑟𝑒      
 (2.3) 

where 𝑟𝑖𝑗 = |𝑟𝑖−𝑟𝑗| represents the distance between particle i and j, 𝑟𝑒 describes the radius 

of the interaction area (Shakibaeinia and Jin, 2012b). In the MPS method, only the 

neighbouring particle j will be calculated to interact with target particle i in its interaction 

area. Therefore, the weighting function is to calculate the contribution of the neighbouring 



11 

 

particles in a target particle’s interaction circle. As Figure 2-1 showing, neighbouring 

particle j will have a greater contribution when it is located closest to the target particle i. 

The objective of importing the kernel function is to smooth the physical quantities in the 

searching radius (Koshizuka et al., 1998; Koshizuka and Oka, 1996; Shakibaeinia and Jin, 

2009, 2012b). Density of each particle has been defined as a dimensionless parameter. The 

particle number density has been defined as (Koshizuka et al., 1998; Shakibaeinia and Jin, 

2009): 

 〈𝑛〉𝑖 = ∑ 𝑊(𝑟𝑖𝑗 , 𝑟𝑒)

𝑗≠𝑖

 (2.4) 

In an incompressible fluid, the density is constant. To satisfy the continuity equation, a 

constant particle number density has been introduced as n0, which is the value at the initial 

condition. 

 

Figure 2-1. Kernel function 
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2.3 Neighbour search strategy 

As the previous section mentioned, in MPS approach, the physical properties of each 

particles are affected and calculated based on the values of neighbouring particles. Contrast 

to the mesh-based methods, which are considering the constant connecting between each 

cell among the simulated domain, the mesh-free (MPS or SPH) methods are looking for a 

changing of neighbouring of each particle at every time step. Therefore, an accurate and 

efficient strategy of searching neighbouring particles is needed and important for each 

particle. In the MPS methods, the particle j will be considered as the neighbour particles of 

target particle i when the distance between these two particles rij is less than assigned 

searching radius re. Koshizuka and Oka (1996) introduced the original algorithm in MPS 

method which is searching in the entire simulated domain to find the neighbouring for each 

particle; therefore, this algorithm has an operation of N2, where N is the total number of 

particles. Koshizuka et al. (1998) approached another algorithm to reduce the searching 

operations. Instead of using the neighbourhood radius as re, he increased the radius to re+δ, 

where the δ is a small distance to confirm that all particles moved to the operational area 

of a certain particle and are considered as the neighbouring at next time step; also instead 

of building the neighbourhood at each time step, this algorithm updates the list of 

neighbours at every time step. Although, this strategy reduces the computational time, it 

still has a searching operation of mN1.5. Gotoh et al. (2004) proposed another strategy 

known as “linked list algorithm”. In this algorithm, the simulated domain is divided into 

square girds of a size re based on a background Cartesian grid; while the searching area 

only aims on the located cell of the certain particle and its neighbouring eight cells as 

showing in Figure 2-2, the red-line area. In this study, the operated algorithm is collected 
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form Shakibaeinia and Jin (2009), which combined the methods proposed by Koshizuka et 

al. (1998) and Gotoh et al. (2004). As showing in Figure 2-2, the grids are divided into a 

size of re+δ instead of a size of re. 
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Figure 2-2. Sketch of searching neighboring particles algorithm. 

 

 

 

 

 

2.4 MPS discretization 

The first order gradient model was described by Koshizuka and Oka (1996), written as: 
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 〈𝛻𝜙〉𝑖 =
𝑑

𝑛0
∑

(𝜙𝑗 − 𝜙𝑖)

𝑟𝑖𝑗
2

𝑗≠𝑖

(𝒓𝑗 − 𝒓𝑖)𝑊(𝑟𝑖𝑗 , 𝑟𝑒) (2.5) 

where d is the number of space dimensions; i, j are the scalar quantities possessed by 

particles i and j respectively; n0 is the initial particle number density. Thus, the gradient 

vector between particles i and j can be simply defined by (𝜙𝑗 − 𝜙𝑖)(𝑟𝑗 − 𝑟𝑖)/|𝑟𝑗 − 𝑟𝑖|
2
 

(Koshizuka and Oka, 1996). A gradient vector can be evaluated with any two particles. In 

MPS method, this model is specifically applied to calculate the pressure term. This 

approach is to satisfy the continuity equation and to avoid the clustering of particles 

(Koshizuka and Oka, 1996). 

Similarly, the divergence model for vector u of the particle i is described as: 

 〈𝛻 ∙ 𝒖〉𝑖 =
𝑑

𝑛0
∑

(𝒖𝑗 − 𝒖𝑖)

𝑟𝑖𝑗
2

𝑗≠𝑖

(𝒓𝑗 − 𝒓𝑖)𝑊(𝑟𝑖𝑗 , 𝑟𝑒) (2.6) 

Another model given by the kernel function is the Laplacian model. Originally, it has been 

introduced from a transient diffusion problem (Batchelor, 1967; Colagrossi and Landrini, 

2003; Koshizuka et al., 1998; Koshizuka and Oka, 1996; Xu and Jin, 2016). 

 〈𝛻2𝜙〉𝑖 =
2𝑑

𝜆𝑛0
∑(𝜙𝑗 − 𝜙𝑖)

𝑗≠𝑖

𝑊(𝑟𝑖𝑗 , 𝑟𝑒) (2.7) 

where λ is the correction coefficient used to minimize the concerns of the diffusion 

problems, and is introduced as (Batchelor, 1967; Koshizuka et al., 1998; Koshizuka and 

Oka, 1996; Shakibaeinia and Jin, 2009).   

 λ =
∫ 𝑊(𝑟𝑖𝑗 , 𝑟𝑒)𝑟𝑖𝑗

2𝑑𝑣
𝑉

∫ 𝑊(𝑟𝑖𝑗 , 𝑟𝑒)𝑑𝑣
𝑉

 (2.8) 
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The physical quantity lost by the particle i is transferred to the particle j, which represents 

the conservation of the current Laplacian model (Koshizuka et al., 1998; Koshizuka and 

Oka, 1996; Shakibaeinia and Jin, 2009). 

2.5 Equation of State for pressure calculation 

In the MPS method, the equation of state is first introduced by Lee et al. (2011). In this 

paper, the equation of state is used to calculate the pressure in weakly compressible MPS 

(Shakibaeinia and Jin, 2009) instead of solving the Poisson equation. The equation of state 

has been modified by Shakibaeinia and Jin (2009, 2012b) as: 

 𝑝𝑖
𝑛+1 =

𝜌𝑐0
2

𝛾
((

〈𝑛∗〉𝑖

𝑛0
)

𝛾

− 1) 
(2.9) 

where n* is a temporal particle number density, thus it has been calculated based on the 

intermediate particle position r* (Koshizuka and Oka, 1996; Lee et al., 2011; Xu and Jin, 

2016); c0 is the sound speed, in order to satisfy a compressibility less than 1%, it is given 

to ten times of the maximum speed in the simulation domain (Koshizuka and Oka, 1996; 

Shakibaeinia and Jin, 2012b; Tanaka and Masunaga, 2010); =7 is a widely used typical 

number in MPS method to simulate a weakly compressible flow (Fu and Jin, 2015; 

Koshizuka and Oka, 1996; Shakibaeinia and Jin, 2009; Xu and Jin, 2016). 

2.6 Boundary condition 

In order to avoid the fluid particles penetrating the solid boundary and the deficiency of the 

particle number density where particle near solid boundary, referred to as ghost particles, 

are introduced to the simulation domain (Koshizuka and Oka, 1996; Shakibaeinia and Jin, 

2009). The velocity of the ghost particles is set to be 0 for the non-slip boundary. The 

pressure of the ghost particles is calculated for the first layer, which is equal to the pressure 
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at the nearest boundary and transferred to other layers. The number of ghost particle layer 

is determined by the searching radius re. In this paper, a searching radius re=3.5DL (DL is 

the average particle distance) has been used, and shown in Figure 2-3 as three layers of 

ghost particles. In Figure 2-3, the solid boundary and ghost particles are typically showing 

the initial condition of the inclined bed. Contrast to the regular setting of the bed which 

transfers the pressure of solid boundary directly vertical or horizontal to the ghost particles, 

the ghost particles behind the inclined solid boundary will obtain the pressure from the bed 

with the specific equation of slope angle which is showing as the dot-line in Figure 2-3. As 

Figure 2-4 showing, approaching to the free surface, the particle number density is deficient 

due to the non-existing fluid particles beyond the outer region. The determination of the 

free surface is defined by the density of particles as: 

 〈𝑛∗〉𝑖 ≤ 𝛽𝑛0 (2.10) 

where β is a coefficient with values ranging between 0.8 and 0.99 (Kondo and Koshizuka, 

2011; Koshizuka et al., 1998; Koshizuka and Oka, 1996).  In this paper, β=0.97 is used in 

the simulation model. Using Eq.(2.10), if the intermediate particle number density is less 

than β times the initial particle number density, the particle is determined as a surface 

particle and the pressure of this particle is assigned to be zero (Koshizuka et al., 1998). 
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Figure 2-3.  The solid boundary and Ghost particles 
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Figure 2-4. Free-surface 

2.7 Solution algorithm  

In the WC-MPS method, for solving the governing equation, the procedure is split in two 

phases related to the time interval. Typically, the two phases are named as prediction and 

correction (Shakibaeinia and Jin, 2009). In the prediction phase, the velocity is predicted 

by using the value of previous time step, and used for calculating the pressure. The pressure 

is added to the correction phase, and employed to correct the velocity for next time step. 

Accordance with the procedure, the physical properties of each particles of next time step 

(i.e. velocity and position) can be expressed as: 

 𝒖𝒏+𝟏 = 𝒖∗ + 𝒖′ (2.11) 

 𝒓𝒏+𝟏 = 𝒓∗ + 𝒓′ (2.12) 

Therefore, substitute Eq. (2.11) into the term D𝒖/D𝑡 , it can be rewrite as: 

 D𝒖

D𝑡
=

𝒖𝑛+1 − 𝒖𝑛

∆𝑡
=

𝒖𝑛+1 − 𝒖∗

∆𝑡
+

𝒖∗ − 𝒖𝑛

∆𝑡
=

𝒖′

∆𝑡
+

𝒖∗ − 𝒖𝑛

∆𝑡
 

(2.13) 
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Where the (*) and ( ′) represent the values in prediction and correction phases respectively.  

𝒖𝑛+1, 𝒖𝑛, 𝒖∗, 𝒖′ are introduced by (Shakibaeinia and Jin, 2009) as the velocity in the next 

time step, velocity in the previous time step, predicted velocity, and corrected velocity, 

respectively. Therefore, substitute Eq. (2.13) into Eq. (2.2), the momentum equation can 

be rewritten as: 

 
𝒖′ + (𝒖∗ − 𝒖𝒏) = −∆𝑡

∇𝑝𝑛+1

𝜌
+ ∆𝑡

𝜇∇2𝒖𝑛

𝜌
+ ∆𝑡𝑓 

(2.14) 

Thus, it can be divided as: 

 
𝒖′ = −∆𝑡

∇𝑝𝑛+1

𝜌
 

(2.15) 

and 

 
𝒖∗ = 𝒖𝒏 + ∆𝑡

𝜇∇2𝒖𝑛

𝜌
+ ∆𝑡𝑓 

(2.16) 

The Eq. (2.16) is used to calculating the velocity in prediction phase, while all the values 

are collected from the previous time step (n). Recall the Eq. (2.12), the term 𝒓∗ can be 

expressed as 𝒓∗ = ∆𝑡𝒖∗. After the intermediate particle position is defined, the temporal 

particle number density (𝑛∗) can be calculated as: 

 〈𝑛∗〉𝑖 = ∑ 𝑊(𝒓∗, 𝑟𝑒)

𝑗≠𝑖

 (2.17) 

Thus, the pressure of the particles can be calculated using Eq. (2.9). To solve the pressure 

gradient term ∇𝑝𝑛+1  in Eq. (2.15), the gradient operator (Eq. (2.5)) is applied into the 

correction phase as: 
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〈𝛻𝑝𝑛+1〉𝑖 =
𝑑

𝑛0
∑

(𝑝𝑛+1
𝑗

− 𝑝𝑛+1
𝑖
)

𝑟𝑖𝑗
2

𝑗≠𝑖

(𝒓𝑗 − 𝒓𝑖)𝑊(𝑟𝑖𝑗 , 𝑟𝑒) 
(2.18) 

However, Koshizuka et al. (1998) discussed the instability of using this pressure gradient 

term into MPS method. An improvement of his works is to use the minimum pressure 

values among the neighboring particles of target particle i instead of using the calculated 

pressure of the target particle i. Therefore, the Eq. (2.18) is expressed as: 

 

〈𝛻𝑝𝑛+1〉𝑖 =
𝑑

𝑛0
∑

(𝑝𝑛+1
𝑗

− �̂�𝑛+1
𝑖
)

𝑟𝑖𝑗
2

𝑗≠𝑖

(𝒓𝑗 − 𝒓𝑖)𝑊(𝑟𝑖𝑗 , 𝑟𝑒) (2.19) 

where the �̂�𝑛+1
𝑖
 is equal to the minimum pressure (min 𝑝𝑛+1

𝑗
) among its neighboring. The 

changing of positions of each particle at next time step (Eq. (2.12)) can be written as: 

 𝒓𝑛+1 = 𝒓𝑛 + ∆𝑡𝒖𝑛+1 (2.20) 

In this study, since the WC-MPS method uses an explicit time-splitting approach, the 

Courant-Friedrichs-Lewy (CFL) condition has to be satisfied in a stabilized condition. The 

CFL condition is introduced as: 

 |𝒖|𝑚𝑎𝑥

𝐷𝐿
∆𝑡 < 𝐶 

(2.21) 

where the |𝒖|𝑚𝑎𝑥 is the maximum velocity among the simulated domain, DL is the particle 

distance, C is the Courant number which is suggested between 0 to 1. In this study, a 

Courant number=0.4 has been used to satisfy the steady condition.  

The flowchart of entirely computational algorithm is showing in Figure 2-5. First of all, 

input the initial variables including the position, velocity, and pressure and calculated the 

initial particle number density (n0) based on the initial condition. Secondly, the list of 
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neighbours and boundary conditions are set in each time step. Moving to the prediction 

stage, the predicted velocity is firstly calculated using external force (i.e. gravity), and 

diffusion terms, and the predicted position of each particle is calculated based on the 

predicted velocity. Then, the intermediate particle number density (n*) is computed, and 

the equation of state is employed to calculate the pressure. The gradient operator is 

deployed to calculate the pressure gradient, and the values are utilized to correct the 

velocity of each particle. At the end, the particle position, velocity, and pressure are 

assigned as the outputs in each time step, and as the input of next time step. 

 

 

 

 

 

 

 

 

 

 

 

 



23 

 

 

 

Figure 2-5. Flowchart of Computational algorithm.  
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 : EXPERIMENTS SET-UP 

In this study, the experiments are conducted at the National Cheng-Kong University in 

Taiwan. A high-speed camera (with 500 frames per second) is used for capturing the 

pictures in experiments, and the Digital Particle Image Velocimetry (DPIV) (Willert and 

Gharib, 1991) technique is employed for estimating the instantaneous velocity distribution 

of flow field the velocity fields. The open source package, PIVlab (Thielicke and Stamhuis, 

2014), served as the major technical tool by analyzing the snapshots for extracting the 

velocity fields. Figure 3-1 is a series of snapshots showing an overall implementation of 

the experiment, where the bottom of the picture is parallel to the inclined slope. In Figure 

3-1, t0 represents the initial time when the experiment started. 

 

Figure 3-2Figure 3-2(a) shows the initial set-up of the experiments, where the sliders have 

been set as 0.02m below the water surface, and the tank is filled with 0.70m of water. As 

shown in panel (b), there are two types of sliding block. The bed slope angle α is related to 

the angle of block, that the top edge is set to be parallel to the water surface. Velocity 

distributions above the slider are investigated, where vertical sections A, B, C, D, E, F and 
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G are assigned for case I, and A, C, D, E, and G for case II. The sections A, C, G are at the 

three corners of the slider. B and F are at the middle of the top edge and in front boundary 

respectively. D, E are selected on the bed, and separated 0.02m away. In order to measure 

constantly, the original point of the coordinate system has been set at point C.  The sliding 

block is made of metal filled with steel beads. The slider of the case I has a volume 

248.82cm3 with a weight of 728.5g, and the case II uses a slider of 268.482cm3 with a 

weight of 766.0g. The specific gravity is calculated as 2.928 (case I) and 2.853 (case II). 

Due to the image resolution and limited memory size of the camera, the experimental data 

are only available for the first 0.4s. The other experimental data are summarized and listed 

in Table 3-1, in which S denotes the moving distance of the block along the inclined bed. 

It should be noted that the sliding speed is not under a steady acceleration. In the numerical 

simulations, the location of the slider is well controlled to make sure that the slider’s 

position will be exactly the same as experiments.  

 Slope α hs(m) h(m) Time (s) S (m) Ublk (m/s) 

CASE I 

40°/40°/100° 
40° 0.02 0.70 

0 0 0 

0.1 0.018 0.181 

0.2 0.058 0.399 

0.3 0.121 0.630 

0.4 0.190 0.693 

       

CASE II 

30°/50°/100° 
50° 0.02 0.70 

0 0 0 

0.1 0.024 0.236 

0.2 0.073 0.499 

0.3 0.140 0.663 

0.4 0.216 0.763 

Table 3-1. The experimental setup of case I and case II 
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Figure 3-1. Snapshots during the experiments. (a) case I, where the inclined slope angle is 

40°; and (b) case II with bed slope angle 50° 

a b 
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Figure 3-2. (a)The initial condition of experimental set-up. (b) Two different block types. 
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 : RESULT AND DISCUSSION 

The WC-MPS model is used to simulate submerged rigid landslides. The water has an 

assigned density of 1,000kg/m3, and the sliding blocks are treated as a solid with densities 

of 2,928kg/m3 and 2,853kg/m3 for case I (40° inclination angle) and case II (50° inclination 

angle) respectively. A time interval of 2.5x10-5 s was used in the simulations. The length 

of the tank for case I is 2.19m length, and 1.84m for case II. The difference in the length 

of the tank will have minimal effects on the wave generation as the focus of this study is 

the detailed examination of the flow fields surrounding the sliding block at the two 

inclination angles. With particle distance of 0.005m for both case I and II, the total particle 

number would be 42,336 and 39,416 for case I and II, respectively. The computation time 

for both cases is 0.4s.  

4.1 A validation of water-surface 

The WC-MPS method is used to simulate the free surface of the water representing 

deformation from landslides.  In order to compare the results, the x-axis is along the bed 

direction, and the y-axis is vertical to the bed. In Figure 4-1 and Figure 4-2, the dotted-line 

represents the reference location at the top edge of the sliding block illustrating the 

movement and location of the impulsive wave at each time step. 

Case I: 

The case I scenario represents a metal block sliding on a 40° inclination slope. Figure 

4-1illustrates the comparison between the experimental and the simulated results using 

WC-MPS. In the immediate stage of block release at t=0.1s and 0.2s, the water surface 

elevation showed good agreement between the experimental data and the simulated results.  

However, at t=0.3s, the data showed an impulsive wave and the simulated results was able 
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to generate the wave behavior.  The sudden change in the water level was represented by 

the WC-MPS method. At t=0.4s, deviations in the wave depth can be observed with a 10% 

difference between the experimental to the numerical results.  The water surface levels 

showed good agreement at the tail end of the wave generation at all time steps, likely due 

to the fact that wave generated by the sliding block has yet to have an effect in the 

generation of deformation in the free surface particles within the limited timeframe of 0.4s.  

Case II: 

An inclination angle of 50° represents the case II scenario. Figure 4-2 illustrates the 

comparison between the experimental to the simulated results. Similar to the case I findings, 

good agreement between the experimental and simulated results of the water level is 

observed at t=0.1 and 0.2s.  An impulse wave also occurred at t=0.3s at the same location 

as in the case I scenario.  However, the water level at the back of the sliding block showed 

an estimated error of 5% with the simulated results showing a lower surface water level as 

compared to the experimental dataset.  The lower simulated water level could be caused 

by an inaccurate slider motion equation or pressure fluctuation.  Similarly, good agreement 

between the experimental and simulated results were observed at t=0.4s.  As shown in case 

I, differences at the location of the wave bottom can be detected.  In general, the results 

showed good agreement between the experimental and the WC-MPS simulated results in 

its ability to represent the deformation behavior of landslides. 
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Figure 4-1. Case I: the water surface comparison between simulation result and 

experimental data. 
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Figure 4-2. Case II: the water surface comparison between simulation result and 

experimental data. 

 

 

 

 

 

4.2 Velocity distribution  

The velocity distribution profile was analyzed for case I and case II of the sliding block.  

Experimental results were compared to the simulated WC-MPS method to represent the 
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3-1Error! Reference source not found.).  Similarly, the vertical axis is normalized by 

dividing the depth of the selected points (h) to water depth at the specified location (H). 

For the velocity component in the vertical direction, positive value is interpreted as the 

wave is moving in an upward direction. For the velocity component in the horizontal 

direction, a positive value means the wave is moving to the right-hand side whereas a 

negative value means that it is moving towards the left-hand side or the shore direction. 

Case I: 

For the case I scenario, details of the velocity distribution at cross sections A, B, C, D, E, 

and F were analyzed and simulated using WC-MPS (Figure 3-2 (a)).  In the initial time 

step as the block slides down the 40° inclination plane, there is a negative effect on the 

water level surface as evidenced by the negative development of the vertical velocity near 

the water surface at cross section A. Figure 4-3 illustrates the velocity distribution profile 

of the sliding block at the 40° inclination slope showing a positive displacement and 

transitioning to become negative near the water surface at t=0.1s. The experimental result 

of the horizontal velocity shows a negative distribution; however, the numerical result 

shows a positive distribution near the edge of the block and alters to a negative distribution 

near the water surface. At t=0.2s, both the experimental and numerical results show a 

similar trend.  Similarly, the velocity profile and magnitude showed good agreement at 

t=0.3 and 0.4s in both the vertical and horizontal directions. In general, the vertical and 

horizontal distribution profile at cross section A showed good agreement. 

Figure 4-4 shows the velocity distribution at cross-sections F, located at the midpoint of 

the front surface and G, at the bottom of the sliding block. Due to the limitation of the 

camera view angle, the data was not available for cross-section F for t>0.3s, and G at t=0.3s. 
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At cross-section F and G, horizontal and vertical velocities of experimental and numerical 

showed good agreement. At cross-section F, the simulation result showed some 

fluctuations on the horizontal velocity profile at t=0.1. This may be caused by the unstable 

particle movements at the beginning of simulation. The experimental data displays some 

fluctuations near boundary of the block at t=0.3s for the horizontal and vertical profiles.  

For cross section G, similar velocity profiles are observed on the vertical flow. After the 

simulation domain becomes stabilized, the simulation results show good comparison to the 

experimental data on both horizontal and vertical direction.  Stabilization on the horizontal 

velocity profile can be seen in Figure 4-4 (e). The horizontal velocity profile shows a 

positive direction development under Y=0.5 and gradually becomes negative. An opposite 

distribution can be identified on the vertical velocity profile, where it starts as a negative 

development and generally transitions to become a positive displacement.  

Cross-section E is located immediately below the water surface and its horizontal and 

vertical velocity profiles illustrate that the value is close to zero at t=0.3s (Figure 4-5 a, b). 

The results indicate that there are little effects on the velocity profile at this point on the 

sliding block. The data shows more detailed information at t=0.4s. 

Figure 4-5 (c) and (d) illustrates the velocity profiles at cross section D.  The u velocity 

profile at t=0.3s is similar to the profile at section E at t=0.4s, while the vertical velocity 

profile has been affected by the movements of the sliding block by showing a negative 

(downward) flow direction. The vertical velocity changes to the positive direction near the 

water-surface. The change in velocity can be explained as the front of the impulsive wave 

starts moving backward to push the water surface level upwards with the second vertex 

appearing at t=0.4s at cross-section D. Compared to these two results, a similar distribution 
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can be observed for both horizontal and vertical velocity profile. The simulation result 

illustrates good agreement for the vertical velocity profile at t=0.4s. The comparison of the 

horizontal velocity profile, however, shows an opposite direction near the bed. 

Figure 4-6 (a, b) illustrates the horizontal and vertical velocity profiles at cross section C, 

located at the left corner of the sliding block. The profiles show that the horizontal velocity 

transitions from positive to negative direction at t=0.3s and t=0.4s. The comparison 

between experimental and WC-MPS results show a difference for the horizontal flow 

velocity component between Y=0 to Y=0.5 at t=0.4s. At this corner, the flows are affected 

by the slope angle and the sliding block. Meanwhile, the water flow in this area is likely 

disturbed by differences in the pressure. The WC-MPS method, however, still shows good 

agreement on its simulation results for solving the free water surface, and the velocity 

component and distribution at t=0.4s. At cross-section B, good agreement between the 

experimental and simulated results in both horizontal and vertical velocity profiles as 

illustrated in Figure 4-6 (c, d).  Similar velocity distributions in both experimental and 

numerical results is an indication of the robust capability of the WC-MPS method in 

simulated flows in complex areas.  
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Figure 4-3. Comparison of velocity distribution at the top corner of the slider (cross-

section A) at t=0.1s, 0.2s, 0.3s, 0.4s respectively. 
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Figure 4-4. The comparison of velocity distribution at the cross-section G and F. The 

comparison is available for cross-section F at t=0.1s, 0.2s, 0.3s and G at t=0.1s and 0.2s. 
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Figure 4-5. The comparison of velocity distribution for the cross-section D and E at 

t=0.3s and 0.4s. 
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Figure 4-6. The comparison of velocity distribution for the cross-section C and B at 

t=0.3s and 0.4s. 
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Case II: 

Case II represents a sliding block on an inclination slope of 50°. Cross sections A, C, D, E, 

and G were analyzed in greater detail to evaluate the characteristics of the free surface from 

the sliding block. Figure 4-7 (a, b, c) illustrates the velocity distribution at cross sections A 

located at the top corner of the sliding block at t=0.1, 0.2, and 0.3s. At t=0.1s, instability is 

highlighted in the simulation domain.  The simulation result of the horizontal velocity 

component shows a difference between Y=0 to Y=0.5. A similar distribution can be 

observed for the vertical velocity distribution; however, the numerical and experimental 

result are represented as two distinct lines. At t=0.2s, the simulation result becomes more 

stable, hence, both horizontal and vertical velocity distribution show a good agreement on 

its trend and value. At t=0.3s, a constant distribution of the water flow occurred for both 

the horizontal and vertical velocity components. As compared to the velocity distribution 

from case I, the distribution profiles from case II results shows a similar trend and value. 

In general, the development of a similar distribution in both cases suggests the velocity 

distribution is independent of the slope angle within the limited timeframe.  

Figure 4-7 (d, e, f) illustrates the velocity distribution at cross-section G located in the 

lower corner of the sliding block. The results show minor discrepancies between the 

simulated and experimental results in both the horizontal and vertical distribution profiles 

at t=0.1s. The velocity distribution becomes stabilized at t=0.2s, transitioning to become 

relatively constant distribution at t=0.3s. Experimental data illustrates minor fluctuations 

at t=0.2 and t=0.3s. Compared to case I, cross-section G shows a similar velocity 

distribution at t=0.3 when it becomes stable. A similar comment can also be made for this 

point that the bed slope angle will have less effect at the front area of the sliding block. 



40 

 

Figure 4-8 (a, b) illustrates cross section E, where development of the flow pattern is 

occurring on the shore. The horizontal velocity component shows good agreement between 

simulated and experimental results. Development of the trend in the velocity distribution 

transitions from a positive to a negative direction. Due to the 50° bed slope, the 

development of bubbles or air entrapment in the water may occur near the sliding block as 

demonstrated by slight fluctuations of the free surface.  The simulation shows good 

stabilization condition near the edge of the sliding block for both horizontal and vertical 

velocity profiles.  

In Figure 4-8 (c, d), a similar fluctuation to cross section E on the experimental 

measurement is also illustrated at cross-section D. For the vertical direction, the 

experimental data shows significant instability between Y=0 to Y=0.5 at t=0.3s. In addition 

to good agreement on the development of velocity trend, the values between the simulated 

and experimental results are similar. At cross-section D, the simulation and experimental 

result illustrates a similar trend at t=0.4.  

Figure 4-8Figure 4-8 (e, f) illustrates cross-section C located at the left corner of the sliding 

block. The velocity distribution profile shows close agreement between the simulated and 

experimental results. Discrepancies occurring between Y=0 to Y=0.5 may be due to the 

effect of pressure gradients generated during the instantaneous movement down the 

inclined plane resulting in an unsteady distribution near the boundary of the sliding block 

along the horizontal plane. However, good agreement was observed in both the horizontal 

and vertical profile near the water surface level at t=0.4s. As compared to case I, both 

experimental and numerical results show similar vertical and horizontal distribution 



41 

 

profiles. In general, the velocity distribution indicate that the horizontal and vertical 

profiles are similar at any inclination bed slope angles within the limited timeframe. 
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Figure 4-7. The comparison of velocity distribution for the cross-section A and G of Case 

II at t=0.1s, 0.2s, and 0.3s. 
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Figure 4-8. The comparison of velocity distribution for the cross-section C, D and E of 

Case 2 at t=0.3s and 0.4s 
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4.3  Section-averaged velocity 

The numerical simulated section-averaged velocity distribution for case I and case II are 

illustrated in Figure 4-9. The horizontal-axis is normalized by dividing the location of 

selected section (X) to the length of the top edge of the sliding block (L), i.e. the X/L=0 is 

at the left corner of the block, and X/L=1 is at the right top corner of the block. Both cases 

show a relatively similar velocity distribution at each time step. The water velocity 

distribution for both cases are relatively flat at t=0.10s and subsequently increases with the 

movement of the sliding block in the range 𝑋/𝐿 ∈ [0.0,0.6] at t=0.20s. At t=0.30s, and 

0.40s, it can be observed that the higher velocity is distributed in the range  𝑋/𝐿 ∈ [0.0,0.5], 

which represents the major affected area due to the block freely sliding down the plane on 

the top region. According to the velocity distribution, the relatively higher velocity 

distributed in the range  𝑋/𝐿 ∈ [1,1.5] occurs at the front of the sliding block. In the range 

of 𝑋/𝐿 ∈ [2.5,3.5], the velocity distribution is relatively constant suggesting that the block 

will not affect the water flow beyond that range. 
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Figure 4-9. Section-averaged velocity distribution of Case I and Case II 
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4.4  Velocity contour and Vorticity 

In Figure 4-10, 𝑈 = √𝑢2 + 𝑣2 is the calculated speed for case I and case II.  The velocity 

contours illustrate that the water flow has been disturbed around the sliding block with 

respect to the higher velocity distribution at t=0.10s and 0.20s for both cases. As shown in 

Figure 4-10, the region between the water surface to the top edge of the block has been 

defined as top area; the region in front of the block has been defined as the front area and 

the region on the shore has been defined as back area. Similar to the findings from the 

detailed analysis of the cross-section velocity distribution, water flow in the top area is 

violently disturbed during the movement of the block down the respective inclination 

slopes at t=0.30s and 0.40s. The front of the block in case I is more violently affected as 

compared to case II at t=0.30s. Consequently, the front area for both cases show relatively 

constant magnitude at t=0.40s. From Figure 4-10, the back area for both case I and case II 

show the least influence from the movement of the sliding block. Furthermore, a circulation 

movement, which is considered as the major influencing factor to water flow, is 

distinguishable at the top corner for both cases at t=0.40s.  

Figure 4-11 illustrates the vorticity with the normal velocity vector. The vorticity has been 

calculated based on the velocity; specifically, the vorticity has been known as �̅�  and 

calculated as:  

 
 �̅� = (

𝜕𝑣

𝜕𝑥
−

𝜕𝑢

𝜕𝑦
) (4.1) 

Recall the Eq.(2.6), the velocity component of horizontal and vertical direction can be 

expressed by using gradient operator as: 
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𝜕𝒗𝑖

𝜕𝑥
=

𝑑

𝑛0
∑

(𝒗𝑗 − 𝒗𝑖)

𝑟𝑖𝑗
2

𝑗≠𝑖

(𝑦𝑗 − 𝑦𝑖)𝑊(𝑟𝑖𝑗 , 𝑟𝑒)  

 

(4.2) 

 𝜕𝒖𝑖

𝜕𝑦
=

𝑑

𝑛0
∑

(𝒖𝑗 − 𝒖𝑖)

𝑟𝑖𝑗
2

𝑗≠𝑖

(𝑥𝑗 − 𝑥𝑖)𝑊(𝑟𝑖𝑗 , 𝑟𝑒) (4.3) 

At t=0.1s, the vortex can be observed at the right top corner of the block for both cases. 

Similarly, a relatively large vorticity magnitude is located around the corner while the 

vortex shows no effect at the top edge of the block. The vortex becomes larger and a clear 

rotation of the water particles can be observed at t=0.20s. A higher intensity vorticity 

distribution near the right top corner of the block is observed for case I as compared to case 

II. Moreover, the moving direction of the vortex is from the top corner to the shore. 

Therefore, the vortex is starting to have an influence at the top edge of the block and shore. 

It can be observed that the water particles develop to the higher vorticity magnitude in the 

top area while a negative vorticity distribution occur near the shore in case II. At t=0.30s, 

higher vorticity magnitude is distributed near the center of the top edge of the block with a 

negative vorticity distributed right above the top edge. The change in vorticity distribution 

suggests that the rotational direction is transitioning from counterclockwise to clockwise 

direction in this area. In addition, a second vortex is appearing in both case I and case II at 

the water surface; however, the second vortex for case II shows a higher vorticity 

magnitude than case I. Furthermore, the water flow starts to separate in two directions; one 

is moving along with the block and another is moving to the water surface. A visible 

separation of the water flow can be seen at t=0.40s and the center location of the vortex 

relatively remains the same. Additionally, the vorticity distribution near the right top corner 

of the block is sporadically discontinuous in case I. In case II, vortex 1 and vortex 2 shows 
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steady growth and magnitude at t=0.40s.  Similarly, another phenomenon is observed in 

that a higher negative vorticity advection near the bed rather than right above the top edge 

of the block occurs only occurs in case II.  

Figure 4-11 illustrates the development of two vortexes from t=0.10s to t=0.40s near the 

right top corner of the sliding block. The intensity in the development of vortex 1 and 2 

increases at each time step. The location in the development of the two vortexes is similar 

along the sliding block, the magnitude of the vorticity distribution is different between the 

two cases.  According to the development of the first vortex, it can be expected that the 

second vortex will have the most important influence on the shore. Overall, the vortex will 

increase in size due to the block’s movement and it is the most significant factor that 

disturbs the water flow.  
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Figure 4-10. Velocity contour of case I (left) and case II (right) 
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Figure 4-11. Vorticity with the vector plot; left part is showing Case I, and right side are 

Case II. 
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 : SUMMARY 

This study aims at a detailed investigation on the landslide generated impulsive wave and 

the associated velocity fields with experimental measurement and numerical simulation by 

the WC-MPS. Two different bed slope angles are investigated in this study. Case I 

represents an inclination slope of 40° and case II on a 50° inclined slope angle. In both 

cases, a rigid sliding block was employed for wave generation.  The top of the sliding block 

was placed parallel to the water level and 0.02m below the water surface. The contributions 

completed by this study can be summarized as: 

• In this study, the inclined slope angles are chosen differed from other researcher. 

It is important to represent the characteristics of landslides at different bed slope 

angles in order to evaluate the social and economic impacts from such events. A 

Validation of the deformational water surface showed good agreement between the 

experimental and simulated results. The WC-MPS method showed that it has the 

capacity to accurately simulate landslide tsunamis.  

• Comparison of the velocity distribution is completed between the simulation 

results and experimental data at specific locations along the sliding block. The 

analysis is unique in that there is limited information in the literature detailing the 

characteristics in wave generation from inclination slopes. The findings suggest 

that the velocity distribution will have little effects at specified locations of the 

sliding block due to different inclination slope angles. Furthermore, this study 

presents the difference of numerical simulated results between two different 

particle sizes. In Appendix, as the Figure A-5 showing, the simulated results are 
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showing at two different particle sizes; one is 0.002m which generates 431773 

particles among the simulation domain, and another one is 0.005m which gives 

42336 particles as introduced previously. Compare to the experimental data, the 

simulated results by using smaller particle size is smoothing the trend and the 

magnitude; however, the significant improvements of using smaller particle size 

are limited and the computational time is increasing over 7 times. 

• The section-averaged velocity plotting displays that the slider will only have the 

majority influence to the flow filed in a range of two times length of the top surface 

of the slider. After this range, the flow filed is relatively maintained in a stable 

condition. 

• The velocity and vorticity plots show the development of the flow field distribution 

and are representative of the movement and vortex development. The vortex has 

the most significant influence on the water flow caused by the movement of the 

sliding block with most of the disturbed area located at the top region.  However, 

there was little effect on the velocity distribution on the shore.  

In the present study, a satisfactory agreement between the experimental and simulated 

results using the WC-MPS method of wave generation from a sliding block under two 

different inclination angles was completed.  With the ability of the WC-MPS method 

replicating actual landslide behaviors, it provides a credible method in evaluating the 

impacts of wave generated landslides. 
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Appendix: 

 

Figure A-1. Pressure distribution at section A. 
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Figure A-2. Pressure distribution at section C. 
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Figure A-3. Pressure distribution at section G. 
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Figure A-4. Pressure distribution from section C to section A horizontally. 
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Figure A-5. The comparison of velocity distribution between the experimental data and 

simulated results with different particle size (0.002m and 0.005m) at section A in Case I 
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