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Abstract: Flow-type landslide is one type of landslide that generally exhibits characteristics 9 

of high flow velocities, long jump distances, and poor predictability. Simulation of it facilitates 10 

propagation analysis and provides solutions for risk assessment and mitigation design. The 11 

smoothed particle hydrodynamics (SPH) method has been successfully applied to the 12 

simulation of two-dimensional (2D) and three-dimensional (3D) flow-like landslides. However, 13 

the influence of boundary resistance on the whole process of landslide failure is rarely discussed. 14 

In this study, a boundary algorithm considering the friction is proposed, and integrated into the 15 

boundary condition of the SPH method, and its accuracy is verified. Moreover, the Navier-16 

Stokes equation combined with the non-Newtonian fluid rheology model was utilized to solve 17 

the dynamic behavior of the flow-like landslide. To verify its performance, the Shuicheng 18 

landslide event, which occurred in Guizhou, China, was taken as a case study. In the 2D 19 

simulation, a sensitivity analysis was conducted, and the results showed that the shearing 20 

strength parameters have more influence on the computation accuracy in comparison with the 21 

coefficient of viscosity. Afterwards, the dynamic characteristics of the landslide, such as the 22 

velocity and the impact area, were analyzed in the 3D simulation. The simulation results are in 23 

good agreement with the field investigations. The simulation results demonstrate that the SPH 24 

method performs well in reproducing the landslide process, and facilitates the analysis of 25 

landslide characteristics as well as the affected areas, which provides a scientific basis for 26 

conducting the risk assessment and disaster mitigation design. 27 

Keywords: Flow-like landslides, Smoothed particle hydrodynamics, Non-Newtonian fluid, 28 

Boundary treatment  29 

1. Introduction 30 

The occurrence of landslides is usually introduced by earthquakes or heavy rainfall, and are 31 

always accompanied by a large number of casualties and extensive damage (Cascini et al. 2012). 32 

According to the classification of landslides, there is a term "flow-like landslides", which has 33 

the characteristics of fast flow velocity and long run-out distance, that causes severe damage 34 

(Mcdougall and Hungr 2004; Huang et al. 2012a; Pastor et al. 2014). Therefore, great attention 35 

should be paid to these flow-like landslides to study the flow mechanism and the sliding 36 

characteristics. Due to the vast scale, unpredictability, short duration, and destructive character 37 

of landslide disasters, it is quite difficult and dangerous to record the process in real time. 38 

Numerical methods can simulate the flow behavior of such landslides, and can also be applied 39 
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to the investigation and evaluation of landslides. Most numerical studies on the landslides are 40 

based on solid mechanics analysis methods, such as the limit equilibrium, finite element method 41 

(FEM) (Chatterjee and Krishna 2018) and the fracture mechanics method (Zhang 2020). These 42 

methods focus on the slope stability analysis, which analyzes the mechanism of landslide 43 

damage from the stress-strain perspective. However, these methods are not able to simulate the 44 

large deformation state of the landslide, and thus can not reproduce the whole landslide process. 45 

For physical experiments, it is a very effective and straightforward way of observing the 46 

landslide characteristics. However, large-scale landslide or debris flow experiments are very 47 

expensive and time-consuming. Recently, numerical simulations based on various numerical 48 

methods have been widely employed in the simulation of landslides. The discrete element 49 

method (DEM) is a feasible method for simulating landslides (Assefa et al. 2017; Meng et al. 50 

2018; Jiang et al. 2020). DEM treats this geotechnical material as a collection of rigid particles 51 

governed by Newton's laws of motion. The interactions between particles are represented 52 

through appropriate force-displacement relationships that relate to the overlap and contact 53 

forces that can occur between particles. However, sufficiently small time steps are needed to 54 

avoid the numerical instability, leading to high costs when simulating the problems containing 55 

a large number of elements. To reduce the computational effort, the grain size in a typical DEM 56 

simulation is typically significantly less than that in a real problem. Another viable approach is 57 

discontinuous deformation analysis (DDA) (Chen et al. 2011; Chen and Wu 2018). Since DDA 58 

was proposed, it has undergone extensive modifications and enhancements to make it more 59 

suitable for a wide range of real engineering challenges (Zhang et al. 2015; Do and Wu 2020; 60 

Wang et al. 2021). However, the characterization of fluid flow still needs further improvement 61 

(Wang et al. 2019). 62 

Among the recent advanced numerical methods, SPH is a ‘turely’ mesh-free method, a 63 

completely Lagrangian method in which the particles carry field variables, (such as mass, 64 

pressure, energy, etc.) and move with material velocity (Liu and Liu 2010). Since it was first 65 

introduced in 1977 to solve the astrophysical problems in three-dimensional open space 66 

(Gingold RA 1977; Lucy 1977), it has been widely used in different fields due to its meshless 67 

and Lagrangian nature. This method provides better robustness and reliability in solving large 68 

deformation simulations, owing to the absence of computational grids or meshes. Therefore, 69 

SPH is more suitable for the simulation of flow-like landslides. The SPH still has some inherent 70 

flaws, such as the tensile instability, absence of consistency or completeness of interpolation, 71 

zero-energy mode, and treatment of boundary conditions, etc. (Ye et al. 2019). With the 72 

continuous improvement of the SPH method, the method has been successfully applied to 73 

geological hazards (Mcdougall and Hungr 2004; Cascini et al. 2013, 2014; Pastor et al. 2014). 74 

Many literatures (Huang et al. 2012b, 2013; Huang and Dai 2014) reported the successful 75 

simulation of flow-type landslides as non-Newtonian fluids using the SPH method in 76 

combination with the Bingham constitutive model. Most of the existing SHP simulations are 77 

based on two-dimensional analysis, which cannot reflect the diffusion and lateral shrinkage, 78 

which are different from practical applications. Moreover, the SPH method has recently become 79 

more popular, due to the remarkable progress in accuracy, such as the incompressible SPH 80 

(Shao and Lo 2003), corrective smoothed particle method (CSPM), and Delta-SPH (Marrone 81 

et al. 2011). 82 
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Boundary treatment has been the main focus and difficulty of the SPH method, which 83 

affects the accuracy and precision of the calculation. Many different approaches have been 84 

proposed in the literature to enforce the solid boundary conditions to prevent the particle 85 

penetration (Crespo et al. 2007; Tafuni et al. 2018; Negi et al. 2020). The proposal of a 86 

generalized wall boundary condition is an alternative to the dynamic boundary conditions, 87 

which can be applied in the complex geometries. However, the current simulation of non-88 

Newtonian fluids lacks the treatment of fluid-solid boundaries(Dai et al. 2017). The literature 89 

suggested that the application of free-slip boundary conditions to treat the fluid-solid boundary 90 

will make the non-Newtonian fluid unable to obtain resistance from the solid wall boundary in 91 

the simulation, thus making the simulation and experiment inconsistent(Cao et al. 2019). 92 

In this study, a boundary treatment method is proposed that considers the friction based on 93 

the SPH method. The boundary particle viscous force term is obtained by interpolating the 94 

values of the fluid particles near the boundary. In addition, the boundary treatment is verified 95 

by comparing the simulation results to the experimental data. The Cross model was employed 96 

in the SPH method to simulate the landslides. The rheological parameters were derived from 97 

the Bingham model and the Mohr-Coulomb criterion. As a case study, the effectiveness and 98 

stability of the application were verified by reproducing the Shuicheng flow-like landslide event 99 

in both 2D and 3D that occurred on 23 July 2019, in Guizhou Province, China. The simulation 100 

results were compared to the field survey data, showing that the SPH model can provide an 101 

accurate analysis of the kinetic characteristics of flow-like landslides, including the flow path, 102 

movement velocity, runout distance and deposition. 103 

2. SPH method 104 

2.1 Concepts of SPH 105 

For the SPH method, the entire domain is represented as a set of randomly distributed particles 106 

with no connection between them. Two main steps are required to obtain the fluid governing 107 

equations in SPH form, namely, the kernel approximation and the particle approximation. 108 

Firstly, approximation of the field function and its derivative are derived from an integral 109 

representation method by using a smoothing kernel function. Secondly, these approximations 110 

are replaced by the sum of all neighboring particles in the support domain. It is the kernel 111 

approximation and particle discretization that make the SPH method work well for free surface 112 

flows and large deformations (Liu and Liu 2010; Violeau and Rogers 2016).  113 

The integral representation of a function ( )f x  may be given as the following kernel 114 

approximation using the smoothing technique: 115 

 ( ) ( ) ( , )df f W h


   −x x x x x   (1) 116 

where ( )f x is a field function of the three-dimensional position vector x , and ( , )W h−x x  is 117 

the smooth function. The smoothing length h that determines support domain . The discrete 118 

form of a function at particle i can eventually be described as: 119 

 
1

( )
( )

N
j

i j ij

j j

f
f m W

=

=
x

x   (2) 120 
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where jm  and j  are the mass and density of particle j, respectively, and = ( , )
ij i j

W W h−x x  121 

indicates the smoothing function. In the same manner, the particle approximate form for the 122 

spatial derivative of the function can be formulated as: 123 

 
1

( )d ( )

d

N
ji

j

j j i

ff W
m

=


= −


xx

x x
  (3) 124 

There are several kernel functions that are widely utilized. Typically, higher-order kernel 125 

functions often enhance the computing accuracy, and substantial time is required. The cubic 126 

spline kernel, which belongs to the B-spline family, is one of the kernels that is commonly 127 

employed in SPH method (Liu and Liu 2010) and is given by: 128 

 

2 3
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where q
h

−
=

x x
and d 2

15

7 h



= in 2D and d 3

3

2 h



= in 3D, respectively. For hydrodynamics 130 

of fluids represented in the Lagrangian formulation, the SPH formulations of Navier-Stokes 131 

equations can be written as follows: 132 
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( )i j=
ij

−ν ν ν indicates the velocity difference between particle i and particle j;σ represents the 135 

total stress tensor and g  is the gravity acceleration, respectively. It is assumed that the 136 

temperature is constant throughout the simulation, so the energy equation is not presented. 137 

Due to the density approximation, the pressure field in the SPH formulation for weakly 138 

compressible fluids generally exhibits instability and numerical noise. Particularly, in the 139 

present case, the noise of the pressure field may be critical. In this study, the delta-SPH method 140 

(Marrone et al. 2011) was adopted, which implemented by adding a diffusive term in the 141 

continuity Eq.(5) and，can be written as: 142 

 0

1 1 j

d

d

N N
ij j iji
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  ν
x x

  (7) 143 

where is the diffusive coefficient, which is usually adopted as 0.1; 0c is the speed of sound at 144 

reference density; and ij is written as: 145 
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where h is a small constant and is usually adopted as 0.01.  147 

Regarding the momentum Eq. (6), the total stress tensorσ can be written as the summation 148 

of an isotropic component pressure p and a viscous shear stress component τ . To remove the 149 

numerical oscillations, the Monaghan type artificial viscosity ij  was adopted in this study, 150 

which is most widely used in the current SPH simulation. After considering the artificial 151 

viscosity, the momentum equation can be written as: 152 

 2 2 2 2
1 1

pd p

d

N N
j ij j iji i i

j ij j

j ji j i i j i

W W
m m

t


   = =

    
= − + + + + +          
 

ττ
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x x
  (9) 153 
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v x
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  (10) 154 

where and  are two constants and are commonly set as 0.1 and 0.01, respectively; Detailed 155 

parameter definitions can be found in reference (Monaghan 1992).  156 

 In this work, the temperature of landslides is considered as a constant. Therefore, the 157 

energy equation is not considered. In the typical SPH method for resolving the compressible 158 

flows, the particle motion is governed by the pressure gradient, whereas the particle pressure is 159 

determined using an appropriate Equation of State (EoS).  160 

 

2
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 = − 
   

  (11) 161 

whereis commonly set to be 7.0; 0c is the speed of sound and is commonly set at least 10 times 162 

the maximum fluid velocity for the sake of keeping the density fluctuation within 1% which 163 

can be calculated by ( )1/2

maxh g .  is a constant and is set as 10 in this study. 164 

 165 

2.2 Rheological model 166 

PySPH is an open-source framework for the simulation of the SPH method (Ramachandran et 167 

al. 2019). The original PySPH code (version 1.0b1) is able to handle with the free-surface flows, 168 

but it is incapable of dealing with non-Newtonian flows. A relevant constitutive model should 169 

be developed in the original code to allow for the landslide simulation. In Newtonian fluid 170 

dynamics, the shear stress of the fluid can be expressed by the following equation: 171 

 
n

y= +τ γ τ  (12) 172 

where γ is the shear strain rate. The Newtonian fluid is represented by Eq. (12), when =1n and173 

0y =τ  . For a Newtonian fluid,   is the dynamic viscosity that is given as a constant. The 174 

Bingham flow model, as a typical non-Newtonian fluids, can describe the relationship between 175 

the shear strain rate and the shear stress of soil (Hadush et al. 2000). When the shear stress τ is 176 

greater than the yield strength yτ  , the soil begins to deform. For non-Newtonian fluids, the 177 

dynamic viscosity depends on the shear rate or the shear rate history. The relation between a 178 

non-Newtonian fluid's shear stress tensor and shear rate tensor can be expressed as: 179 

 eff=τ ε  (13) 180 
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where eff is the effective viscosity that is changed over time. The effective viscosity of the 181 

Bingham model can be formulated as: 182 

 
eff B

y = +
τ
γ

 (14) 183 

where B is the Bingham viscosity and yτ is the yield stress, respectively.  184 

Assuming that under the condition of shear rate, 0→γ ，  eff  in Bingham model 185 

approaches an infinite value, therefore, the direct application is not available. To solve this 186 

problem, existing studies employed a variety of strategies to avoid numerical divergence, i.e., 187 

the simple regularization (Frigaard and Nouar 2005) and the threshold regularization (Laigle et 188 

al. 2007). In this study, the general Cross model (Barnes et al. 1989) was chosen to characterize 189 

the non-Newtonian behavior of flow-type landslides. 190 

 
( )
( )

0

eff m
1

m
K

K

 
 +

=
+

γ
γ

 (15) 191 

where 0  and   represent the fluid's viscosity at extremely low and high shear rates, 192 

respectively; K and m are the constant parameters of the Cross model. For the sake of simplicity, 193 

the methodology in which these values are derived by incorporating the more commonly 194 

utilized Bingham fluid parameters was adopted (Shao and Lo 2003). Assuming 1m=  1 in Eq. 195 

(15), the effective viscosity in the Cross model can be formulated as: 196 

 0
eff

1

K

K

  +
=

+
γ
γ

 (16) 197 

Typically, 1K γ , by Eq. (14) with Eq. (16), the remaining two parameters in the Cross model 198 

can be given as follows: 199 

 B =  (17) 200 

 0

y

K


=
τ

 (18)  201 

The Mohr-Coulomb yield criterion, which is adopted to describe the soil yielding process, 202 

is introduced into Eq.(12) (Huang et al. 2012a), which can be written as : 203 

 c tann = + +τ γ σ  (19) 204 

whereσ is the pressure in this status. Related literature (Hammad and Vradis 1994) pointed out 205 

that the numerical solution's accuracy is satisfactory as the viscosity at a low shear rate is 1000 206 

times greater than that at a high shear rate. 207 

 0 =1000   (20) 208 
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 209 

Fig. 1 Effective viscosity against shear rate of different rheological model for parameters ( 20 Pa sB =  ,210 

0 100 Pa s= τ ) 211 

 Notice that the advantage of the Cross model over the Bingham model is that the effective 212 

viscosity is a continuous variable, and the numerical instability is avoided, as shown in Fig. 1. 213 

 214 

2.3 Boundary condition 215 

The boundary treatment has been a main challenge in SPH simulation and affects the calculation 216 

accuracy as well as the efficiency. It is vital to select an adequate boundary condition that 217 

represents the effect of solid boundary in order to closely describe the dynamic mechanism of 218 

landslides, as shown in Fig. 2. 219 

A simple and convenient boundary algorithm was proposed that can consider the boundary 220 

friction. In this work, two types of boundary conditions need to be set. Firstly, when a particle 221 

approaches to a solid boundary, the kernel function will be truncated, and an error in the solution 222 

result will occur. To address this issue, a generalized wall boundary condition by Adami (Adami 223 

et al. 2012) (see Eq. (23)), was introduced. By extrapolating from the neighboring fluid particles, 224 

the pressure on the solid boundary is obtained as:  225 
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g r

 (21) 226 

    Secondly, the discrete particles of landslides may slip at the boundary and thus suffer from 227 

the slippage resistance (see Eq. (24)). Referring to the concept of pressure interpolation on the 228 

solid boundary, the value of the viscosity force on the solid boundary was given by:  229 
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 (24) 232 

Through the above two steps, the no-slip boundary conditions considering friction on the 233 

solid boundary was successfully set. When calculating the viscous forces on the boundary, both 234 

the dynamic viscosity coefficient can be obtained by interpolation from the fluid, or a fixed 235 

viscosity coefficient can be set.  236 

 237 

 238 

Fig. 2 Illustration of the boundary condition algorithm 239 

 240 

2.4Time integration schemes 241 

Prediction-correction algorithm was adopted to execute the time integration. For continuity 242 

equations and momentum equations of the form, all the values of time-variant quantities are 243 

predicted at the time step 1n+ , based on the time step 1/ 2n+ , as follows: 244 

 

n1 1

2 2
d d1 1

2 d 2 d

i i

n
n n

n n

i i i i
t t

t t


 

+ +
= +  = + ，

v
v v  (25) 245 

Afterwards, these values are updated at another half time step: 246 

 

1 1
1 12 2
2 2

d d1 1

2 d 2 d

n n
n n

n ni i
i i i it t

t t

 
+ +

+ +
= +  = + ，

v
v v  (26) 247 

At the end of the time step, the values are calculated as follows: 248 

 
1 1

1 12 2
i i2 2

n n
n n n n

i i i i  
+ ++ += − = −，v v v  (27) 249 

The selection of the magnitude of time step t is limited due to the stability reasons based on 250 

several criteria: the Courant Friedrichs Lewy (CFL) condition, the force terms, and the viscous 251 
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diffusion terms, as follows: 252 

 

1/2
2

max max

min 0.25 ,0.125 ,0.25
c

h h h
t

  
  =    +   

v v g
 (28) 253 

3. Verification of the SPH model 254 

In this section, the granular flow model test conducted by Cao et.al. (Cao and Li 2017) was 255 

simulated using the SPH model considering friction boundary to verify its accuracy. The 256 

vertical section of L-box has a capacity of 2.5 L. The sliding door was lifted up quickly in 2-3 257 

seconds. After the door was opened, the flowing distances of the mortar sample were recorded 258 

with a video camera at a certain time interval. One of the cases was chosen for the simulation, 259 

and the parameters are given in Table 1. 260 

Table 1 The input parameters of numerical simulations 261 

Parameters Notation Value 

Density 3kg/m（ ） 2150 

Bingham viscosity (Pa s)B   560 

yield stress 0 (Pa)  379 

Boundary viscosity (Pa)s  40 

Particle distance Dp(m)  1.5 

No. of fluid particles Npf  1071 

No. of boundary particles Npb  654 

Simulation duration t(s)  6.5 

The simulation process is presented in Fig. 3. After the simulation begins, the fresh mortar 262 

column collapses under gravity and moves along the bottom of the box. Due to the boundary 263 

resistance and its viscosity, the granular flow stopped flowing at the time of 6 s. Moreover, the 264 

evolution of the collapsed fresh mortars front before stopped was quantitatively studied and 265 

compared with the experimental data. Comparing the simulation results with the test data (Fig. 266 

3), the peak distance and residual deformation of the flow are well captured by the SPH 267 

simulation. Fig. 4 shows the numerical and experimental results of the change in L-flow 268 

distance over time. To clarify the effect of slippage resistance, the numerical results without 269 

considering the slippage resistance are also shown in Fig. 4. The numerical results are not in 270 

good agreement with the experimental results when slippage resistance was not considered. 271 

This is because that the use of free-slip boundary conditions will make the non-Newtonian fluid 272 

unable to obtain sufficient resistance and reaction force from the solid boundary during the 273 

process. This section shows that the proposed boundary treatment can simulate a fluid-solid 274 

boundary with friction effectively. 275 
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 276 

Fig. 3 the simulation process and the final shape of L-flow simulation 277 

 278 

Fig. 4 Comparison of the numerical and experimental results of L-flow test. (a and b represent the L-flow 279 

distance and velocity changing overtime, respectively) 280 

4. Case study 281 

4.1 Geological Setting and flow-like landslides Features  282 

The Shuicheng flow-like landslide event was triggered by intense rainfall in July 2019 (Fig. 5 283 

a). A total of three heavy rainfall events occurred in the week before the occurrence of landslides, 284 

with a cumulative rainfall of 288.9 mm. Under the influence of continuous heavy rainfall, the 285 

landslide begun to lose stability and rapidly slid along the slope at high speed. After roughly 286 

700 meters of landslide movement, two diversions were formed after hitting a small ridge and 287 

subsequently impacting and burying the residential buildings on the lower part of the slope. The 288 

mass flow of landslide spreads along the slopes for about 1490 m and was deposited in the gully 289 

depressions. Due to the suddenness of the landslide and the lack of protective measures such as 290 

blocking, the disaster destroyed 21 houses and 43 people were killed. 291 

The Guizhou Provincial Geological Disaster Emergency Technical Guidance Center 292 

immediately carried out the field investigations following the occurrence of landslide. The 293 

primary characteristics of the flow-like landslides are depicted in Fig. 5b as well as a typical 294 
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cross-section of the Shuicheng gully in Fig. 5c. According to the field investigations, the entire 295 

landslide is approximately 1300 m long, with a large distance of around 460 m between the 296 

front and rear edges, and a volume of about 191.2×104 m3. According to Zhou et al (Zhou et al. 297 

2021), the average density of the Shuicheng landslide mass was about 2000 kg/m3. Depending 298 

on the test results, the angle of internal friction and the cohesion of the flow-like landslide can 299 

be set approximately as 30 and 30 kPa, respectively. In the previous simulations, the Bingham 300 

model was widely applied to simulate the landslides or debris flows considering a range of 301 

dynamic viscosities from 20 to 500 Pa s (Hu et al. 2015). In this work, the empirical physical 302 

experimental equation is used to obtain the dynamic viscosities (Komatina and Jovanovíc 303 

1997) ,which is given below: 304 

 ( )B 0.621 exp 0.173 VC =    (29) 305 

where vC is the volume concentration. According to the investigation report, the best-fitted vC is 306 

44 %, resulting in a dynamic viscosity of 255 Pa s . 307 

 308 

Fig. 5 The 2019 Shuicheng flow-like landslide event (a) Location of the Shuicheng (b) Scope of the landslide (c) 309 

typical cross-section of the Shuicheng gully 310 

 311 

 312 

4.2 Two-Dimensional Modeling 313 
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According to the typical cross-section in Fig. 5c, a two-dimensional SPH model was 314 

established to simulate the flow behavior of Shuicheng flow-like landslide. 1318 particles were 315 

used to represent the landslide and 2678 particles were used to represent the boundary. The 316 

initial velocity of the particles was set to zero. After the slope failure, the landslide flow mass 317 

particles start to slide downward under the action of gravity. The proposed boundary treatment 318 

method considering the friction were utilized, while the boundary particles remained stationary 319 

throughout the entire simulation. 320 

According to the simulation results, the whole process duration was about 90s. Fig. 6 321 

presents the slope configurations at different time points, reflecting the movement of landslides. 322 

The particles slipped down from the top of the landslide and then moved along the steep slope 323 

by gravity. Finally, these particles reached an equilibrium state and were deposited in the 324 

lowlands. The overall performance of the sliding was accelerated motion in the period 0-30 s 325 

and decelerated motion after 30 s. 326 

 327 

Fig. 6 two-dimensional simulated results for the motion process of Shuicheng landslide 328 

Landslides usually have a long distance, and the measurement and selection of various 329 

parameters may vary greatly in different locations. Therefore, it is meaningful to conduct a 330 

sensitivity analysis to determine how various rheological parameters affect the simulation 331 

results. Table 2 lists the eight calculation cases with different rheological parameters. To 332 

explicitly quantify the differences of the sensitivity of different parameters v , was evaluated 333 

using the following equation: 334 

 

1/2

2 2

v j 1/
N N

i i

v v  
=  
 
   (30) 335 

where jv is the velocity difference between case j and case 1, and N=18 represents the number 336 

of velocity at an interval of 5 s. The results of all the eight cases are presented in Table 2 and 337 

Fig.7, which shows that the internal friction angle has more influence on the computation 338 

accuracy in comparison with the cohesion of landslides.  339 
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Table 2 Relative error norm in the velocity 340 

Case 
Rheological Parameters of flow-like landslides Consider boundary 

friction 

Relative Error 

Norm  () c(kPa) dynamic viscosity 

1 30 30 255 True  

2 30 30 255 False 0.4411 

3 30 0 255 True 0.1828 

4 30 15 255 True 0.1089 

5 20 30 255 True 0.2928 

6 10 30 255 True 0.6119 

7 30 30 155 True 0.0133 

8 30 30 55 True 0.0530 

 341 

 342 

Fig. 7 Velocity–time history curves of different cases 343 

4.3 Three-Dimensional Modeling 344 

Since the 2D simulation cannot reflect the diffusion and lateral contraction, 3D simulation on 345 

the real complex terrain is necessary. In this section, the 3D terrain is generated from the original 346 

topographic map at a scale of 1/2000 and homogenizes the mesh. The previously created mesh 347 

is then transformed into a sequence of boundary particle particles. Similarly, the landslide is 348 

discretized into a succession of particles each with its own set of properties. In this simulation, 349 

the particle distance is set to 7.5 m, resulting in 12825 boundary particles and 7010 fluid 350 

particles. The strength parameters adopted in the 3D simulation are the same as in the 2D 351 

simulation (Table 3). Based on this model, Shuicheng landslide was numerically simulated in 352 

3D terrain, and the results are shown in Fig. 8. The color of the particles in the figures represents 353 

the sliding velocity at various instants. 354 

 355 

 356 

Table 3 Parameters run in the simulation of the Shuicheng landslide 357 
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Density 3kg/m（ ） 2150 

dynamic viscosity (Pa s)B   255 

Angle of internal friction φ( )  30 

Cohesion c(kPa)  30 

Particle distance Dp(m)  1.5 

No. of fluid particles Dpf  7010 

No. of boundary particles Npb  12825 

Simulation duration t(s)  90 

The results suggest that the front flow takes about 28 s to travel nearly 520 m to reach the 358 

isolated island. The front flow velocity reaches a maximum with an average velocity of 29.8 359 

m/s. Due to the good stability of the soil near the isolated island, it diverts the debris to the sides 360 

and forms a divergence. The diversion of the stable slope protects the lower residential houses 361 

and creates an "island of safety". The existence of isolated islands has dramatically slowed 362 

down the landslides. Therefore, the front flow remains stable at about 90 s and is deposited in 363 

the lowlands. Eventually, the estimated total volume of deposition is 1.1106 m3, which is less 364 

than the field investigation value 1.91106 m3. The reason might be that the simulation process 365 

does not take into account the entrapment process. In addition, the simulated landslide paths 366 

and deposited areas matched well with the results of field investigations. The topographic data, 367 

in this case, were obtained from the 1/2000 scale topographic map, and it is considered that 368 

more accurate topographic data would help to obtain better simulation results.  369 

The displacement and velocity time histories of the landslide front and rear were 370 

investigated to gain a better understanding of the landslide characteristics in the present 371 

simulation. Fig. 9 depicts the velocity time series of the landslide's front and rear. At around 20 372 

s and around 45.5 s after failure, the flow-like landslide front and rear reach a maximum velocity 373 

of 29.2 m/s and 26.5 m/s, respectively. Afterwards, an isolated island was encountered, the 374 

landslide diverged and the path was changed, and the speed gradually decreased. After moving 375 

for 70 s, the landslide came to a halt and was deposited in a lower area. It should be noted that 376 

the changes in velocity at various moments represent the complexity of the 3D terrain. Fig. 10 377 

shows the maximum displacements of the front and rear during the motion were 1099 m and 378 

859 m, respectively, at the time of 90s after failure. Ma et al. (Ma et al. 2020) conducted 379 

extensive field investigations and calculated the maximum velocity of 25m/s2, and a landslide 380 

duration of 60 s using the empirical equations. Both values turned out to be slightly smaller 381 

than the simulated results. Quantitative validation of the landslide simulation based on the field 382 

measured data and empirical equations were challenging. The error may be triggered by a 383 

combination of natural and artificial reasons, which makes the simulation more challenging. In 384 

addition, it can be seen that the flow's pressure field is formed smoothly. Fig. 11 depicts the 385 

evolution of the flow-like landslide pressure field over time. As previously stated, delta-SPH 386 

successfully corrects pressure field noise, particularly for the high viscosity fluids.  387 
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388 
Fig. 8 Snapshots of the Shuicheng landslide motion in different instants 389 

 390 

Fig. 9 Velocity time history for front and rear of Shuicheng landslide 391 

 392 

Fig. 10 Displacement time history for front and rear of Shuicheng landslide  393 
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 394 

Fig. 11 Pressure field of the Shuicheng landslide in different instants 395 

The landslide material is discretized into a succession of SPH particles of varying diameters 396 

in this model. The greater the number of particles and the narrower the particle spacing, the 397 

greater the computing time required. It should be mentioned that, in the current code, the SPH 398 

module is accelerated based on Open Multi-Processing (OpenMP). In theory, the higher the 399 

number of particles in the SPH, the more accurate the simulation will be, but a balance needs 400 

to be reached with the needed calculation time. Fig. 12 depicts the relationship between the 401 

program runtime and thread count. The results show that the computational efficiency of the 402 

proposed SPH model improves as the number of threads increases. Although the OpenMP code 403 

is more computationally efficient than the serial code on the CPU, the computation time 404 

consumption is large when more particles exist. 405 

 406 

Fig. 12 Relationship between computing time and number of threads in 3D SPH model 407 

5. Conclusions  408 

A rational simulation of flow-like landslide propagation process contributes to hazard analysis 409 

and disaster mitigation design. In this study, the Navier-Stokes equation combined with the non-410 

Newtonian fluid rheology model was utilized to investigate the dynamic behavior of the flow-411 

like landslide.  412 

1. A simple and convenient boundary algorithm was proposed that can consider boundary 413 

friction. By using the proposed boundary algorithm, the simulation results are in good 414 

agreement with the experimental results. Moreover, since this operation is limited to 415 

boundary particles, it will not increase the computational overhead. 416 
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2. The Shuicheng flow-like landslide, which occurred in Guizhou in 2019, was studied as a 417 

case. The parameter sensitivity is analyzed under the 2D model, and the results show the 418 

shearing strength parameters has more influence on the computing accuracy in comparison 419 

with the coefficient of viscosity. 420 

3. A 3D model of Shuicheng landslide was constructed and computed that corresponded to the 421 

site conditions. In terms of the solid volume and deposition area, the computed results are 422 

generally consistent with the field investigations. In addition, the characteristics of the front 423 

and the rear flow velocity and zone of influence of the flow-like landslide were analyzed, 424 

which will help to the mitigation or countermeasure design work and offer evidence for the 425 

hazard assessment. 426 

4. The approach provides an effective tool for studying the dynamic behaviors of landslides. 427 

However, the current study does not take into account the entrainment process of flow-like 428 

landslides. Large-scale practical problems usually require massive particles, and future 429 

research should be directed to GPU-accelerated modules. 430 
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