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In the landslide induced debris flow problem, the soil slope experiences three stages: slope instability, 

debris flow and deposition. This study develops a three-dimensional smoothed particle hydrodynamics 

model which adopts elasto-plastic viscous constitutive relation to simulate this complex process. The 

Drucker–Prager model with non-associated plastic flow rules is implemented for slope instability and 

deposition and constant viscosity is used for propagation stage. The model is validated with laboratory 

dry-granular dam break experiments. Good agreement is found between the simulated results and the 

laboratory data on both the shape evolution and the velocity field. Then we use the model to study the 

Yigong avalanche after detailed discussion of model parameter, the time of duration, deposited scope 

and estimated velocity essentially agree with site survey. Thus the model is able to simulate instability 

and flow of dense granular materials at both experimental and field scale, it could provide a powerful 

tool for the landslide induced debris flow study. 

Keywords: granular solid regime; granular liquid regime; viscous elasto-plastic model. 

1. Introduction 

Landslides, avalanches and debris flows are mass transport processes which contain large 

quantities of granular materials. Those processes often threat critical infrastructure and 

human life because of their enormous energy. Thus, building an effective numerical model 

is of great importance to hazard forecasts and disaster mitigation. Granular avalanches can 

be divided into three phases: initiation, transportation and deposition. Granular materials 

are mainly in solid-like regime in initiation and deposition stage, while they behave more 

fluid-like in transportation stage. Granular interact mainly by friction in granular solid state, 

researchers often adopt elasto-plastic constitutive relation to describe it. For a granular 

liquid, granular inter with others through friction as well as collision. The so-called μ(I) 

rheology was widely adopted in granular liquid regime, it described many phenomena 

successfully [Andreotti et al. (2013)]. 

Manuscript Click here to download Manuscript Revised Manuscript for
SPHERIC special issue.pdf
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The most widely used numerical method to describe large-scale geological disaster is 

shallow-type model. However, shallow-type model is hard to take granular material’s 

constitutive relation in different stage into consideration [Gray and Edwards (2014)]. And 

granular avalanche doesn’t satisfy Long wave assumption in initiation stage. Lastly, the 

velocity vertical against ground can’t be ignored as in shallow-type model when there are 

abrupt changes in slope angle [Denlinger and Iverson (2004)]. The discrete element method 

(DEM) is also often used as a special numerical method to study granular motion [Huang 

et al. (2012)]. Although DEM could overcome the deficiencies of shallow-type method, 

this approach is computationally expensive. Moreover, stiffness parameter and damp 

parameter in DEM need to be calibrated by back analysis as they can’t be directly obtained 

from experiments. In recent years, three-dimensional continuum model which take 

granular material’s constitutive relation into consideration are got more and more attention 

[Martin et al. (2017); Holsapple (2013); Andrade et al. (2012)]. This type of method can 

avoid the aforementioned problems encountered in shallow-type model and DEM. 

As for numerical approach, mesh based numerical methods, such as finite-element 

method (FEM) and finite-difference method (FDM), are usually employed to study slope 

stability as the condition in initiation stage [Griffiths and Marquez (2007); Zhang et al. 

(2013)]. However, those methods may suffer from severe mesh distortion problem in 

dealing with transportation stage of granular avalanche. Oppositely, mesh-free methods, 

such as smoothed particle hydrodynamics (SPH) and material point method (MPM), are 

very fit to investigate granular avalanche problem which accompanied by large 

deformations and free surface [Garg and Pant (2018)]. There are a lot of researches apply 

mesh-free methods to simulate motion of granular media in recent years. As for the 

consideration of constitutive model, elasto-plastic models are usually adopt for slope 

stability [Bui et al. (2008); Chen and Qiu (2014)]. While for researches focus on 

propagation of granular avalanche, a number of researchers still use classical Bingham 

rheology [Huang et al. (2012); Hu et al. (2015)]. Some models begin to employ μ(I) 

rheology borrowed from dense granular flow theory [Pahar and Dhar (2017); Xu et al. 

(2017)]. Until now, there are very few models able to describe the behavior of granular 

avalanche at both initiation phase and propagation phase. Although it begin to appear such 

models in recent two years, they are confined to 2D case in experimental scale owing to 

complex numerical implementation and high computational cost [Dunatunga and Kamrin 

(2015)]. 

The hypermobility behaviors of granular avalanche are still poorly understood and 

fiercely debated in the world. The runout efficiency, defined as the ratio of runout distance 

to initial height, is far greater than the simple estimation through friction coefficient of soil 

in the landslide [Lucas et al. (2014)]. Numerous mechanisms have been proposed to explain 

this phenomenon, such as excess pore pressure [Iverson (1997)], acoustic fluidization 

[Melosh (1979)] and fragmentation spreading [Davies et al. (1999)]. Although the 

numerical result of three-dimensional continuum models which take granular material’s 

constitutive relation into consideration matched well with experimental data by use of 

measured parameters, it’s not answered yet whether those methods can be applied to 

granular avalanche at field scale and does not need to calibrate parameter like shallow-type 
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model. Thus, an elasto-plastic viscous model is developed and then verified by experiments. 

Finally, this model is applied to study Yigong avalanche in Tibet, China. 

This paper is organized as follows. The governing equations and SPH numerical 

scheme are presented in section 2. The experimental setup are firstly described and then 

detailed comparisons are made between numerical result and experimental data in section 

3. Yigong avalanche in Tibet, China is studied and parameters selection are discussed in 

detail in section 4. Concluding remarks are presented in the last section. 

2. The Elasto-Plastic Viscous Model 

2.1.  Mathematical model 

Mass and momentum conservation are chosen as governing equations as follows. 

 
D v

Dt x









 


. (1) 

 
D 1v

f
Dt x

 









 


.  (2) 

where α, β denote the Cartesian components x, y, z with the Einstein convention applied 

to repeated indices; ρ  is soil density; v is soil velocity; 𝑓𝛼  is the component of 

acceleration caused by external force, which is the gravitational acceleration in this work; 

σ represents the total stress tensor of soil and it could be divided into elasto-plastic stress 

and viscous stress. 

In granular solid regime, granular motion is mainly controlled by elasto-plastic stress. The 

elasto-plastic stress is got through stress-strain relationship 

 

2
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i i i i i
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.  (3) 

 
where   is the rate of change of plastic multiplier, it influence the magnitude of plastic 

strain a lot,  is 
 is the deviatoric shear stress rate tensor,  ie is the deviatoric shear 

strain rate tensor; δ is Kronecker’s delta, i

 is the sum of three principal strain rates; K 

and G are, respectively, the elastic bulk modulus and the shear modulus, which are related 

to the Young’s modulus, E, and Poisson ratio, ν, through the following equations 

 
3(1 2 )
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.  (4) 

 G
2(1 )

E





.  (5) 
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The Drucker–Prager model with non-associated plastic flow rules is adopted here. The 

yield condition 𝑓(𝐼1, 𝐽2) and plastic potential function 𝑔(𝐼1 , 𝐽2) have the following forms, 

respectively 

 1 2 2 1( , ) 0cf I J J I k    .  (6) 

 1 2 2 1( , )g I J J I C   .  (7) 

where 𝐼1 and 𝐽2 are, respectively, the first and second invariants of the stress tensor; C is 

an arbitrary constant; 𝛼𝜑 and 𝑘𝑐 are Drucker–Prager’s constants, which are related to 

the Coulomb’s material constants c (cohesion) and φ (internal friction); 𝛼𝜓 has the same 

expression as 𝛼𝜑 and is related to the dilatancy angle ψ of geo-materials. 

 
2 2 2

tan 3 tan
,   ,   

9 12 tan 9 12 tan 9 12 tan
c

c
k 

 
 

  
  

  
.  (8) 

for the 2D plane strain condition 

 
2sin 6ccos 2sin

,   ,   
3(3 sin ) 3(3 sin ) 3(3 sin )

ck 

  
 

  
  

  
.  (9) 

A stress rate that is invariant with respect to rigid-body rotation must be employed for the 

constitutive relations when considering a large deformation problem. The Jaumann rate of 

Cauchy stress is used here 

 
J

               .  (10) 

where ‘·’ denotes the derivative with respect to time; subscript J designates the Jaumann 

rate; and   is the spin rate tensor 

The final form of the stress–strain relationship for elasto-plastic stress of soil grains can be 

expressed as 

 

2

2 3
epi

epi epi i i i i i i
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Ge K K s

Dt J



        




        

 
      

  

.  (11) 

When the granular motion enter into post-failure stage, the viscous stress is dominant. 

Although the μ(I) rheology was proven to be a robust constitutive relation in granular 

liquid regime, it was found that a constant viscous rheology also could be applied to well 

reproduce dynamics and deposit of collapsing granular columns [Ionescu et al. 2015]. This 

is crucial for practical application to natural flows, because small viscosities involved in 

μ(I) rheology may induce prohibitive computational time. The artificial viscosity in SPH 

method was often regarded as an unphysical parameter, however, it can be an alternative 

to describe granular motion in granular liquid like regime. So the artificial viscosity term is 

used here not only to stabilise the numerical system, but also to control the granular 

motion in granular liquid like regime. The concrete expression of viscosity term is 

described in section 2.2. 
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2.2.  SPH numerical implementation 

The elasto-plastic viscous implementation with Drucker-Prager yield criterion for solid 

stage and constant viscosity rheology for fluid stage is developed based on DualSPHysics. 

The discretized form of mass and momentum conservation equations can be expressed by 

 

1

( )
N

iji
j i j

j i

WD
m v v

Dt x

 








 


 .  (12) 
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i j ijni

j ij ij ij
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σ σ
Π R .  (13) 

The strain rate tensor and spin rate tensor used to compute elasto-plastic stress are 

discretized as 

 
1 1

1
( ) ( )

2

N N
j ij j ij

i i j j i

j jj i j i

m W m W
v v v v

x x

    

   

  
    

   
 ε .  (14) 

 
1 1

1
( ) ( )

2

N N
j ij j ij

i i j j i

j jj i j i
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v v v v

x x

    

   

  
    

   
 ω .  (15) 

ijW is the kernel function. The kernel function proposed by Yang and Liu [2012] is used in 

this study instead of classical kernel functions included in DualSPHysics to suppress the 

tension instability in the calculation. Its second derivative is non-negative 

 

3

3

6 6,   0 q<1

( , ) (2 ) ,        1 q<2    q=

0,                   q 2

D

q q

r
W r h q

h


   



   




.  (16) 

where the normalised coefficient D  is 
21/ (3 )h  and 

315 / (62 )h  in the 2D and 

3D condition respectively, r  is the distance between two particles, h  is the smoothing 

length.  

The viscous term is given follow Monaghan [1989] 

 ;   0
ij ij

ij ij
ij

ij

c
v x

 




    .  (17) 

Where 
2 2( ) / ( 0.01 )ij ij ij ij ij ijh v r r h     ; ( ) / 2ij i j    ; ( ) / 2ij si sjc c c  ; 

( ) / 2ij i jh h h  ; ij i jv v v  ; ij i jr r r  ; 4 / 3 /sc G K   ;  is 

constant and contingent upon specific problems. 
n

ij ijF R  in Eq. (13) is artificial stress term which is used to reduce tensile instability, 

where the coefficient  / ,ij ijF W W x h   and the exponent  (0, ) / ,n W h W x h   are 
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used to control the value of artificial stress, we set n to 2.55 in this study. And 

ij i j

   R R R  here, where 
i


R  and 

j

R  are the components of the artificial stress 

tensor at particles i and particle j. The unify expression for 2D and 3D artificial stress is 

derived here. Assuming σx x , where   is invariant and x  is a non-zero m-

dimensional vector, then 
1 2,  ,  ... m    are eigenvalues corresponding to vector x . 

1 2( ,  ,  ... )mdiag    σ , m=2 for the 2D condition and m=3 for condition. 

 
2

   0

0              0












 

 
  

σ
σ

R

σ

.  (18) 

where the constant ε is taken to be 0.3 after careful calibration. 

3. Model Validation 

3.1.  Granular column collapse 

The granular column collapse is a classical problem to investigate different regimes of 

granular flows and transition between them. It contains granular solid regime and granular 

liquid regime at the same time. So it is an appropriate problem to examine our numerical 

model. The experiments carried by Bui et al. [2008] and Mangeney et al. [2010] are 

simulated to verify the ability of the model to reproduce the final deposit and shape 

evolution of collapsing granular columns on both horizontal and inclined plane. The details 

of those two experiments can be found in their original papers and are not described here 

for brevity. To get detailed comparison of dynamics between numerical results and 

experimental data, we do our own granular column collapse experiment. The experiments 

are carried out in transparent glass box which has a length of 1m, a height of 0.3m and a 

width of 0.05m. The initial granular pile is formed behind a glass plate in the right part of 

the box. The granular pile has dimensions(L,H,W), where L is the length of the pile, H is 

the Height, W is the width. We keep the W unchanged and vary the L, H in experiments. 

When the experiment begins, the glass plate is removed away suddenly from the granular 

pile, and the granular pile begins to collapse. The time for the glass plate to leave 𝑡𝑙 is 

short compared to the time for granular column collapse 𝑡𝑐 (𝑡𝑙/𝑡𝑐 ≈ 1/20), so we ignore 

the glass plate in numerical simulation. A high speed camera is used to record the whole 

process with a speed of 8000 frames per second. The experiment was repeated for three 

times to exam the experimental repeatability. 

The granular media we used is quartz sand. The Young’s module E and Poisson's ratio   

of the quartz sand is 77.8GPa and 0.17, respectively, and its friction angle φ is about 36°. 

The granular density 𝜌𝑠 is 2200 kg/m3 and volume fraction ϕ is kept about 0.57 in all 

experiments. The diameter of the granular media ranged from 20 mesh to 40 mesh. It has 

been proven that the boundary effect of a channel can be ignored if / 1/ 20d W   

where d  is the mean particle diameter [Jiang et al. (2015)]. In our experiments, 

/ 1/ 90d W   which enabled the lateral walls effect to be safely ignored. 5% dyed quartz  
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Table 1.  Properties of granular material used in simulations of different experiments. 

Properties      Bui’s Mangeney’s  Nguyen’s 

Density ρ (𝑘𝑔/𝑚3)       2080  1550 2040 

Internal friction angle φ (°)       19.8   25.5  21.9 

Cohesion c (MPa)        0    0  0 

Poisson’s ratio υ        0.3    -   0.3 

Elastic modulus E (MPa)        0.7    -   5.84 

Table 2. Some details about numerical setup. 

Parameters Bui’s Mangeney’s  Nguyen’s 

Total particle number 15500  49958  23372 

Boundary particle number 2700  6208  3372 

The ratio between smooth length and particle spacing 1.0  1.0  1.0 

Viscous parameter    0.1   0.05   0.05; 0.1 

 

sand in each experiment was added to do DIC. The Ncorr Software was used to get the 

velocity profiles. 

3.2.  Numerical results 

3.2.1.  Comparison with experiments 

The most parameters used in the numerical model are taken from experimental 

measurements, just as present in Table 1. And some details about numerical setup are listed 

in Table 2. Because the constant viscosity are employed instead of the μ(I) rheology, 

which depends on pressure and strain rate tensor, the values of viscosity has to be calibrated. 

The calibrated viscosities in different experiments are also include in Table 2. The 

influence of viscosity will be discussed in section 3.2.2.  

Firstly, the comparison of final deposit between simulation and Bui’s experiment [Bui 

et al. (2008)] exhibits good agreement as presented in Fig. 1. It can also be found that the 

field of accumulated deviatoric plastic strain (ADPS) is very similar to the simulation of 

Bui [2008]. To further test the ability of the numerical model to reproduce the shape 

evolution of granular flow on inclined topography, we choose the experiment of granular 

column collapsing on a plane inclined at an angle of 16 degrees with the horizontal to 

simulate [Mangeney et al. (2010)]. The results are shown in Fig. 2, from which we can see 

our simulated results are very similar to Ionescu’s [2015]. Although there are some 

disagreements between simulation and experiment, it has been proven that this is mainly 
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due to the two dimensional simulations ignore lateral wall effects which it is crucial 

when granular collapses on slope ≥ 10° [Martin et al. (2017)]. However, it is hard to 

include lateral wall effects in two dimensional simulations by a simple method when 

granular avalanche along complex topography. Thus, it is important to adopt three 

dimensional simulation in natural granular avalanche along channel. Previous numerical 

methods have focused on reproduction of scaling laws, final deposit and shape evolution 

for granular collapse [Kerswell (2005); Hu et al. (2018); Martin et al. (2017)], few 

quantitative  

 
Fig. 1.  Comparison of final deposit between Bui’s experiment and simulation. 

 
 

 
Fig. 2.  Shape evolution of granular flow on inclined topography at time t=0.24 sec (top) and t=0.48 sec 

(bottom). The black curves are the profile in Mangeney’s experiment [Mangeney et al. (2010)], the red curves 

are the simulated results of Ionescu [Ionescu et al. (2015)]. 
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comparisons have been made between experiment and simulation for detailed velocity 

field. We choose an experiment where H = 0.12 m and L = 0.05m to simulate. A time 

at the experiment is randomly selected for comparison of velocity field between simulate 

  
           (a)                                          (b) 

 

  
           (c)                                          (d) 
Fig. 3. Comparison of velocity of our experimental and numerical results at t=0.3s. (a) and (c) show velocity 

of x direction and z direction in numerical modeling. (b) and (d) show velocity of x direction and z direction 

in experiment. 

 
      (a) α = 0.05, t=0.109 s                        (b) α = 0.1, t=0.109 s 
 

 
       (c) α = 0.05, t=0.235 s                       (d) α = 0.1, t=0.235 s 
Fig. 4. Effect of viscous term on the flow process at time t=0.109 sec (top) and t=0.235 sec (bottom). Black 

curves are the profile in the experiment of Nguyen [2015]. 
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result and experimental data. As we can see from Fig. 3, the flow region and the 

magnitude of velocity show only slight differences between simulation and experiment. 

3.2.2.  Effect of viscosity 

We simulate the experiment of Nguyen [2015] by using different viscous value to test 

the influence of viscosity. From Fig. 4, it could be found that the viscosity has little 

influence on dynamics of granular column collapse at t=0.109s just as the work of Mao et 

al [2017]. This means the dissipation due to viscous effect is much smaller than that due to 

plastic strain when shear velocity is relatively small. However, the viscosity clearly 

influence the dynamics of granular column collapse at t=0.235s. Thus, it’s of great 

importance to choose an appropriate viscosity in the model. It need to be further 

investigated whether the spatio-temporal average of the range of values computed using 

μ(I) rheology is the best value to use in the model and whether it can be measured directly 

in the experiments [Martin et al. (2017)]. From the simulation, it also could be concluded 

it is not enough to use a small height-width ratio granular column collapse on horizontal 

plane where the shear velocity is relatively small as a case to verify a viscoplastic model 

for granular motion just as the research of Pahar and Dhar [2017]. 

4. Case Study: The Yigong Avalanche 

4.1.  Parameters selection 

An extremely large, high speed rock avalanche occurred on April 9, 2000 at Yigong, 

Tibet, China, it is the largest avalanche among those wasn’t caused by earthquake in recent 

100 years. Billions of cubic meters materials travelled up to 10 km, dammed the Yigong 

River, forming an extensive lake rockslide-dammed lake. The dam failed on 10 June, 2000 

and caused significant losses downstream [Delaney and Evans (2015)].  

Appropriate selection of model parameters is a key factor to simulate the motion of 

granular avalanche accurately. The simulation of Yigong avalanche was mostly all based 

on shallow-type model which need to calibrate model parameter [Xu et al. (2012); Delaney 

and Evans (2015); Kang et al. (2012); Wang and Li (2017)], while we choose the model 

parameter carefully. 

The effective internal friction of undrained ring shear and drained ring shear test are 

19.8°and 36.2°, respectively [Hu et al. (2009)]. It can be inferred that pore pressure is 

hard to accumulate through the grain size distributions of fine particles sample and material 

compositional description of Yigong avalanche [Kang et al. (2016); Zhou et al. (2016)]. 

Thus, the effective internal friction get through drained ring shear may be more 

representative. However, the landslide stops very quickly if we adopt 36.2° in the 

simulation. Therefore, there must be some mechanism cause the friction angle to reduce in 

the avalanche process. Lucas et al. [2014] concluded that basal frictional angle would 

decrease through a large collection of data, and they proposed an empirical velocity-

weaken friction law 
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.  (18) 

with 𝜇𝑤 = 0.11  and 𝑈𝑤 = 4𝑚 · 𝑠−1 , where 𝜇0  and 𝜇𝑤  are static and velocity-

weakening friction coefficient, respectively, ‖𝑈‖ represents slip velocity and 𝑈𝑤  is a 

characteristic velocity for the onset of velocity-weakening. The value of 𝜇0 is 0.74 for 

Yigong avalanche. The Yigong avalanche accelerated to high speed in very short time and 

kept high-speed moving before striking south bank of the Yigong river. The Yigong 

avalanche travelled up to 10 km in two to three minutes, thus, the mean velocity of it would 

be 83.3 m/s to 55.5 m/s, then we can get the basal friction coefficient of Yigong avalanche 

is in the range of 0.138 to 0.152 by applying Eq. (18). 

Recently, Wang et al. [2017] carried out rotary shear experiments at velocities ranging 

from 0.07m/s to 1.31 m/s and at normal stress about the basal stress of the Yigong 

avalanche by using soil sample taken from basal facies of the Yigong avalanche, they found 

there are apparent frictional weakening when shear velocity exceed 0.15 m/s. They also 

proposed an empirical equation for frictional coefficient of Yigong avalanche basal friction.  

 
4.72

( ) 0.13 0.6    ( 0.15 / )
U

U e U m s


   .  (19) 

The frictional coefficient is very close to 0.13 once the magnitude of shear velocity 

higher than 0.87 m/s, which is very close to the estimated value by using Eq. (19). 

Just as mentioned before, Yigong avalanche accelerated to high speed in very short time 

and kept high-speed moving, so the basal frictional coefficient reached the steady value, 

0.13, very quickly. However, it is hard to estimate the intensity of shear rate inside the 

avalanche body directly. Perinotto et al. [2015] found there are particle fragment and 

fluidization effect in the inner part of avalanche just as on the basal face. Thus, the frictional 

angle is set to 7.4°, which is the value of arctan 0.13. 38.1 KPa is chosen as cohesion 

according to the measurement of Hu et al. [2009]. Other soil parameters needed in the 

model is set to characteristic value.  

The elevation data of NASA’s global digital elevation model (GDEM) is used in this 

study. The distribution of source mass is roughly estimated according to the topography 

change of Zhamu Creek before and after 2000 Yigong avalanche. The initial state of soil 

is achieved by simulating with very large values of friction angle and cohesion long enough. 

Then the friction angle and cohesion are changed to true values suddenly, source mass 

begins to collapse. In the simulation of Yigong avalanche, there are about 2.87 million SPH 

particles in total, and 68132 particles are used to fill in the landslide mass. The no-slip 

boundary conditions in enforced in this simulation, details of the implementation of this 

boundary conditions in SPH can be found in Bui et al. [2008]. 
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4.2.  Comparison with site survey 

We compare our numerical result in both time and space. Although there was no detailed 

time data of the Yigong avalanche due to its emergency, we can infer it last about 6 minutes 

from recorded seismic wave, and the seismic wave recorded at Linzhi seismostation 

indicate the time of active vibration is about two minutes [Ren et al. (2001)]. We show our 

simulate result of Yigong avalanche at two minutes, three minutes and five minutes in  

Fig. 5. From the results, it could be find that the avalanche impacts on south bank of the 

Yigong river at about two minutes and slows down quickly. This phenomenon not only 

match well with the recorded seismic wave, but also consistent with the observation that  

the mass movement still had a high speed when crossing the Yigong River valley [Xu et 

al. (2012)]. And the Fig. 5 (c) show the granular avalanche stops completely at five to six 

minutes, which agree with site observation too. As for spatial scale, the comparison of 

debris distribution between simulated result and site survey in Fig. 6 is satisfactory. 

               

(a) t=2 min                                            (b) t=3 min 

 

 

 

 

 

 

(c) t=5min 

Fig. 5.  Outputs from the SPH simulation of Yigong avalanche at three different time step. 
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5. Conclusion 

An effective numerical model for avalanche plays important role in landslide hazard 

assessment and hazards prevention. This study develops a numerical model based on three-

dimensional continuum equations, which take granular material’s constitutive relation in 

different stage of granular avalanche into consideration. The Drucker–Prager model with 

non-associated plastic flow rules is adopt for granular solid-like regime and constant 

viscosity rheology is employed for granular liquid-like regime. The governing equations 

are discretised into SPH framework based on DualSPHysics. The granular column collapse 

is a classical problem which contains granular solid regime and granular liquid regime at 

the same time. We got good agreement on both the shape evolution and the velocity field 

when using our elasto-plastic viscous model to simulate granular collapse experiment. 

We simulated the high-speed and long-distance Yigong avalanche as a case study, then 

found the propagation distance in the simulation would be very short if the friction angle 

measured through classical drained shear test is employed. Therefore, there must be certain 

mechanism caused the significant reduction of friction angle. We set the frictional angle to 

the value measured through high speed shear experiment after same discussion, then the 

time of duration, deposited scope and estimated velocity match well with site survey. 

However, the numerical model can be developed further. For example, it may be better 

to employ the μ(I) rheology in granular fluid-like regime since it doesn’t need to calibrate 

viscosity. Moreover, the size segregation, granular fragment and soil erosion need to be 

considered in the future. 
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Fig. 6.  The comparison of final deposit of Yigong avalanche between field survey and simulation 
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