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Abstract The discrete element method is well suited for

simulating the cracks and subsequent large displacements

of catastrophic landslides or rock avalanches, and is

therefore a useful tool for analysing their complicated

dynamic processes and hypermobility mechanisms. In this

study, particle flow code was used to investigate the

dynamic processes and hypermobility mechanisms of the

Wenjiagou rock avalanche triggered by the 2008 Wench-

uan earthquake. Characterization of the avalanche

dynamics was achieved using a model comprising four

stages: failure rupture, projectile motion, granular debris

flow, and debris mass accumulation. The results show that

collision on the valley floor was the main factor causing the

fragmentation of the Wenjiagou rock avalanche. The upper

and front edge of the landslide body were the most likely to

move over a long distance. The results also show that

friction was the main source of energy dissipation during

the entirety of the avalanche movement. The high gravi-

tational potential energy of the avalanche was the basis of

the high mobility. In addition, because of their effects on

energy dissipation, the low basal friction coefficient,

favourable block movement, and topographical conditions

played key roles in the rapid, long-runout Wenjiagou

avalanche process.

Keywords Wenjiagou rock avalanche · Discrete element

method · Dynamic processes · Hypermobility mechanisms ·

2008 Wenchuan earthquake

Introduction

A long-runout rock avalanche is defined as an extremely

rapid, massive, flow-like motion of fragmented rock

derived from a bedrock failure, which exhibits much

greater mobility than could be predicted using frictional

models (Hungr et al. 2001; Dufresne and Davies 2009).

The 2008 magnitude-7.9 Wenchuan earthquake in China

triggered hundreds of rapid long-runout rock avalanches,

causing over 20,000 casualties (Yin et al. 2009). In light of

the potential devastating effects of such events, it is

important to understand the dynamic processes and

hypermobility mechanisms of long-runout rock avalanches

in order to improve hazard prevention and mitigation

measures (Zhang et al. 2011).

The avalanching process is extremely complicated, and

it is rarely monitored in the field because of the suddenness

of the failure and extremely rapid motion (Zhang and Yin

2013; Zhang et al. 2016). Generally, dynamic rock ava-

lanches can be divided into three consecutive phases:

detachment, disintegration, and flow. The disintegration

phase that links the detachment and flow, however, is still

poorly understood. Therefore, understanding the impor-

tance of disintegration and the effect of site conditions on

fluidization and mobilization is helpful for a better under-

standing of the avalanche mechanisms (Knapp et al. 2015).

The high-mobility mechanism of rock avalanches is a

topic that has garnered much attention. Many models have

been proposed for discussing the hypermobility of rock

avalanches. These include entrapped and compressed air
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(Kent 1966), air-layer lubrication (Shreve 1966), grain flow

(Hsü 1975), low-friction sliding on a dissociated or melted

rock layer (Erismann 1979), mechanical fluidization

(Davies 1982), momentum transfer (Davies et al. 1999;

Eisbacher 1979; Okura et al. 2000), and pore water

hypotheses (Deline 2009). At the same time, statistical

relationships have been identified between mobility and the

factors (e.g. the volume and the equivalent coefficient of

friction) that influence the rock avalanche (Hsü 1975;

Nicoletti and Sorriso-Valvo 1991; Okura et al. 2000).

However, the hypotheses on which these models and

relationships are based are extremely difficult to verify or

refute with confidence, because of the difficulty in mea-

suring the dynamic transport parameters of rock avalanches

(Zhang et al. 2016).

Field investigations, laboratory tests, and numerical

simulations can all be used to analyse the dynamic prob-

lems of rock avalanches (Ayotte and Hungr 2000). Field

investigations can provide evidence of the dynamic pro-

cesses, but cannot determine the time process of landslides

(Zhou et al. 2015). Empirical methods are easy to apply but

lack robustness because of the complicated geological and

geotechnical conditions applicable to rock avalanches

(Legros 2002). In contrast, the numerical simulation tech-

nique provides an appropriate and useful tool for modelling

the dynamic process of rock avalanches. Numerical land-

slide models include two major categories: continuum

models and discrete element models. The continuum

method, based on fluid mechanics, such as the smoothed

particle hydrodynamics (SPH) model, is able to simulate

the propagation of rock avalanches (Huang et al.

2012, 2015b). Traditional continuum-based numerical

models often fail to reproduce the progressive failure of

rock slopes, especially the dynamics of kinematic release

accompanying complex internal distortion, dilation, and

fracture (Stead et al. 2006). Unlike the traditional models,

the particle flow code (PFC), which is based on the discrete

element method (DEM), does not limit the scale of sepa-

ration and displacement behaviours of elements, and the

movement process of the mass from fracture to separation

can be fully simulated. It is therefore an effective tool for

robustly modelling the avalanching process (Poisel and

Roth 2004). The DEM PFC has been used to simulate the

large displacements of catastrophic landslides (e.g. Lo

et al. 2011, 2014; Lu et al. 2014; Poisel et al. 2008; Tang

et al. 2009; Thompson et al. 2009; Yuan et al. 2014; Zhou

et al. 2013).

The 2008 Mw 7.9 Wenchuan earthquake induced

extremely large landslide events in the Longmenshan area

of China. One such event was the Wenjiagou rock ava-

lanche in Qingping County, Mianzhu, China—a typical

high-speed and long-runout landslide that caused 48

deaths. After the landslide event, a few field investigations

and analyses were carried out to gain an understanding of

its initiation and propagation mechanisms (Huang et al.

2015a; Tang et al. 2015; Zhang et al. 2016). However,

because of the complex motion involved, the dynamic

processes and hypermobility mechanisms of the Wenjiagou

rock avalanche remain poorly understood. In this paper, we

use the two-dimensional discrete element code PFC2D

from Itasca Consulting Group to characterize the complex

kinematics and highly unusual mobility mechanism of the

Wenjiagou rock avalanche.

The Wenjiagou avalanche

Features of the Wenjiagou area

During the 2008 Wenchuan earthquake, dozens of huge

landslides were triggered along the Longmenshan fault

zone, which is the collision area between the Tibetan

Plateau and the Sichuan Basin (Fig. 1). Wenjiagou Valley,

an E–W deep-cut gully, lies on the left bank of the Mia-

nyuan River in Qingping Town, Mianzhu City, Sichuan

Province, China (104°25′56.93″E, 31°50′40.60″N) (Fig. 1).
The distance between the valley and the Longmenshan

earthquake fault is only 3.6 km. Folds and faults are well

developed in this area and disrupt the continuity and

integrity of the original formation. Topographically, the

Wenjiagou area is characterized by low mountains and

hills. The lowest elevation of the Wenjiagou gully is about

890 m, while the elevation of the watershed is 2402 m, and

thus the difference in elevation is very large (1512 m). The

peak of the eastern ridge, Dingziya, has a fan-shaped upper

gully and average slope of 45° (Wu et al. 2010). The

combination of geological and topographical features

makes the area susceptible to landslides (Huang et al.

2015a).

The 2008 Wenjiagou rock avalanche

The earthquake-triggered Wenjiagou rock avalanche had

an initial volume of 27.5 million m3, and ran over 1360 m

vertically and 4170 m horizontally within about 2 min.

The avalanche can be divided into three areas: source

area, acceleration area, and deposition area (Figs. 2, 3,

4b). Before the event, the Wenjiagou mountain was

covered in rich vegetation (Fig. 4a), and the D2g car-

bonate rock mass in the landslide source area was

stable according to field investigations and remote sens-

ing. The bedrock of the Wenjiagou rock avalanche

comprised Qingping formation (Є1qp) sandstone and

Guanwushan formation (D2g) limestone, separated by the

Dingziya Fault (Fig. 3). The source area of the rock

avalanche was between 1850 and 2200 m in elevation.
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The rock mass in the source area was largely composed

of weak weathered limestone and dolomitic limestone.

The main scarp was 445 m high, and was formed of

jointed dolomite (Fig. 5). Karst erosion had caused

widespread development of holes and other structural

defects in the limestone rock body.

During the 2008 Wenchuan earthquake, the rock slope

was severely shaken, and strong ground acceleration led

to slope failure. Subsequently, the dip slope rock mass

slid at high speed over a short period of time from the

source area, running out from the top of a 280-m cliff,

and landing in the other side of the valley. When this rock

Fig. 1 Location of the

Wenjiagou rock avalanche and

surface ruptures in the 2008

Wenchuan earthquake

Fig. 2 A plan view of the

Wenjiagou rock avalanche
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mass collided with a ridge on the right bank of the gully,

the mass transformed to a debris-flow avalanche. A

powerful air blast induced by the displaced material

destroyed original fir forests along its travel path, indi-

cating the high-speed movement of the rock avalanche.

The fragmented rock debris then travelled along the

Wenjiagou Valley at very high velocities, and came to a

stop near the entrance of the valley. The original

V-shaped valley was thus carved into the current

U-shaped valley (Fig. 4). Most of the Wenjiagou landslide

deposits consisted of angular blocks of limestone and

dolomitic limestone gravel, but included some sandstone

from adjacent mountains. The debris avalanche deposits

were poorly sorted. The maximum deposit thickness was

about 150 m and the total volume of the deposits was

approximately 50 million m3. The abundant loose solid

material produced by the Wenjiagou rock avalanche was

easily transformed into debris flows by subsequent heavy

rainfall. On August 13, 2010, a heavy rainstorm in

Wenjiagou Valley triggered a catastrophic debris flow,

with total volume of 3.1 9 106 m3.

In this work, the PFC2D based on the DEM is used to

simulate the Wenjiagou avalanche in order to analyse its

dynamic processes and mechanisms.

The discrete element method

The PFC model was first developed for the analysis of a

system of rock blocks (Cundall 1971), and it was later

applied to study the behaviour of granular materials

(Cundall and Strack 1979). The PFC (2D and 3D) provides

two basic elements: balls and walls. The calculation cycle

performed in PFC is a time-stepping algorithm (Fig. 6a). At

Fig. 3 Longitudinal section of

the Wenjiagou rock avalanche

Fig. 4 a The pre-seismic and

b post-seismic three-

dimensional visualization of the

Wenjiagou area (Liang 2014)

Fig. 5 The main scarp of the Wenjiagou rock avalanche
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the beginning of every time step, the set of contacts is

updated from the known particle and wall positions. The

force–displacement law is then applied to each contact to

update the contact forces, and the law of motion is then

applied to each particle to update its velocity and position.

In addition, the wall positions are updated based on the

specified wall velocities.

Based on this method, an assembly of circular particles

in the PFC is connected by a network of contacts. The

overall constitutive behaviour of a material is simulated by

associating a simple constitutive model with each contact.

The constitutive model acting at a particular contact con-

sists of three parts: a stiffness model, a slip model, and a

bonding model. The parallel bond model can be used to

describe the constitutive relation of the cementing material

within a limited range of particles and to transmit force and

moment (Fig. 6b). The corresponding force and moment

produced by the relative displacement of the parallel bond

will be imposed on the two connected particles as a

counterforce. When one of the maximum stresses exceeds

its corresponding bonded strength, the parallel bond breaks.

Numerical modelling of the Wenjiagou landslide

Numerical model

The slope geometry and geologic structure of the two-di-

mensional model is based on the geological longitudinal

section through the Wenjiagou Valley (Fig. 3). The sliding

surface of the numerical model is represented by wall

elements. The sliding body is constructed using 8000 ball

elements with radiuses of 1.5–2.5 m (Fig. 7). To track the

velocity and displacement of different parts of the

Wenjiagou rock avalanche during the earthquake, 12 par-

ticles in the model are monitored as shown in Fig. 7b.

Model parameters

Microscopic parameters

To enable the use of PFC models as a reliable simulation

tool, it is necessary to establish reasonable relations

between the numerical parameters and the mechanical

characteristics of real problems (Potyondy and Cundall

2004). The parameters needed in the continuum-based

numerical models are at a macro level and can be derived

directly from measurements performed on laboratory

Fig. 6 a The calculated cycle in

the PFC model; b the schematic

diagram of parallel bond used in

the PFC model

Fig. 7 a Numerical model created by PFC2D and b monitored

particles in the PFC model
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specimens. The parameters required in the PFC2D, how-

ever, are at a micro level, and can only be correlated in

interactions between particles. Since there is still no reli-

able or generally accepted theory that describes the

relationships between the macro and micro parameters, a

trial-and-error calibration was applied to determine micro-

level parameters for the PFC2D. Figure 8 presents the

calibration procedure that was used to induce the PFC2D

grain-based model to adequately reproduce the mechanical

behaviours of the target rock mass. In this study, the cali-

brated target values, such as the compressive strength and

deformation modulus properties of large-scale rock masses

for landslide simulation, were derived using the Hoek–

Brown failure criterion. During the process of trial and

error, the target values calculated from the DEM simula-

tions were adjusted to match the macroscopic response of

physical experiments such as uniaxial compressive tests.

In rock mechanics, the Hoek–Brown criterion is gener-

ally applied for estimating the strength of large-scale rock

masses. Therefore, this criterion is suitable for studying the

kinetic behaviours of rock avalanches. In this study, the

most recent version of the Hoek–Brown failure criterion

(Hoek et al. 2002) is employed:

r01 ¼ r03 þ rci mb

r03
rci

þ s

� �a

; ð1Þ

where σ1′ and σ3′ are the maximum and minimum effective

principal stress, respectively, σci is the uniaxial compres-

sive strength of the intact rock, mb is the modified Hoek–

Brown constant for the rock mass, and s and a are property-
dependent constants.

To apply the Hoek–Brown failure criterion, the value of

mi can be used to determine the modified values mb, s and a
as given by the equations of Hoek 2002:

mb ¼ mi

GSI� 100

28� 14D

� �
; ð2Þ

s ¼ exp
GSI� 100

9� 3D

� �
; ð3Þ

a ¼ 1

2
þ 1

6
e�GSI=15 � e

�20
3

� �
; ð4Þ

where mi is the Hoek–Brown constant for the intact rock,

D is the disturbance factor, and GSI is the Geological

Strength Index.

Hoek (Hoek 1994; Hoek et al. 2002) provided the

guidelines on the selection of D and GSI.
The uniaxial compressive strength of the Hoek–Brown

model is obtained by setting σ3′ in Eq. (1):

rm ¼ rciðsÞa: ð5Þ
The generalized Hoek and Diederichs equation (Hoek

and Diederichs 2006) utilizes the intact rock modulus as

well as GSI and D to compute the rock mass modulus. The

modulus is calculated in MPa:

Em ¼ Ei 0:02þ 1� D=2

1þ eðð60þ15D�GSIÞ=11Þ

� �
; ð6Þ

where Em is the rock mass deformation modulus, and Ei is

the intact rock deformation modulus.

A series of numerical uniaxial compressive tests were

then performed on cemented granular samples to obtain the

closest match to target values using the Hoek–Brown

Geological Strength Index empirical method. The 2D

cylindrical specimen had a height of 400 mm and a

diameter of 200 mm, and consisted of 4000 rigid disks.

Fine-tuning of the micro-mechanical parameters was

achieved by repeating uniaxial compression tests on the

specimens until the target values computed from the stress–

strain curve (Fig. 9) were obtained. As shown in Table 1,

the resulting values from the numerical model are very

close to the properties of the rock mass of the Guanwushan

formation limestone, as determined from the Hoek–Brown

criterion. Table 2 shows the calibrated set of parameters for

modelling the mass movement of the Wenjiagou rock

avalanche using PFC2D.

Numerical damping

Particular attention was paid to calibrating the numerical

damping parameter, which is the only parameter that can-

not be explicitly related to any physical mechanism. The

damping coefficient can have a significant impact on the

results (Thompson et al. 2009). Local damping is available

in PFC2D to dissipate energy by effectively damping the

governing equation of motion. However, local damping is

not applicable for landslide simulation. Viscous damping

uses a spring-dashpot system and adds normal and shear

dashpots at each contact. The parameter of viscous

damping in PFC2D can also influence the motion of grains
Fig. 8 PFC model calibration procedure (modified from Saiang

2008)
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and reflect energy dissipation during collision. The damp-

ing parameters are correlated with the coefficients of

restitution, which can be measured in the laboratory or

field. This study used the results of restitution coefficient

tests in the field by Giani (1992) to define damping

parameters (Table 3). The values of the normal and shear

damping coefficients are thus set at 0.4 and 0.2,

respectively.

Boundary conditions

After a primary stress field caused by gravity load was

generated, seismic motion was applied to the wall bound-

ary by integrating the corrected accelerations recorded at

the Qingping seismic station during the Wenchuan earth-

quake. A seismic shaking duration of 150 s was adopted in

this study. Ground motion amplification may have occurred

at the mountain crest in the low-frequency domain

(Havenith et al. 2003). Therefore, triggering of the Wen-

jiagou rock avalanche was likely facilitated by the

amplification of seismic waves. In view of the upscaling of

the topography effect in this area, the value of the ampli-

fication factor was taken as 3.0 (Yuan et al. 2010). The

resultant horizontal and vertical velocity time histories

along the slide direction of the Wenjiagou landslide are

used in the model (Fig. 10).

Results and discussion

Dynamic process of mass movement

A visual presentation of the dynamic process of the Wen-

jiagou rock avalanche is provided in Fig. 11, which shows

the state of the rock mass at different stages. The evolution

of the avalanche can be divided into four dynamic seg-

ments: failure rupture, projectile motion, granular debris

flow, and debris mass accumulation.

Fig. 9 Uniaxial compressive

test model and stress–strain

curve

Table 1 Comparison of numerical simulation results and results

estimated by Hoek–Brown

Parameters Hoek–Brown PFC2D

Young’s modulus (Gpa) 58.5 58

Poisson’s ratio 0.23 0.21

Unconfined compressive strength (Mpa) 42 41

Table 2 Micro-mechanical parameters for computation

Parameters Value

Minimum ball radius (m) 1.5

Ball size ratio 1.66

Ball density (kg/m3) 2720

Ball–ball contact modulus (Gpa) 54

Ball normal/shear stiffness ratio 2.50

Ball friction coefficient 0.50

Parallel bond normal/shear stiffness ratio 2.50

Parallel bond normal strength (Mpa) 41

Parallel bond shear strength (Mpa) 41

Parallel bond modulus (Gpa) 54

Parallel bond radius multiplier 1

Normal stiffness of balls (N/m) 5.2e10

Parallel bond normal stiffness (N/m) 1.3e10

Normal and shear stiffness of walls (N/m) 1e12
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Failure rupture process

In the initial stage of the Wenjiagou rock avalanche, a

rock slide occurred. The development of cracks or fis-

sures in the rock mass, induced under shaking and

sliding, can be observed (Fig. 11a). Under earthquake

excitement, tensile cracks were initiated on the surface

of the rock mass, forming a tensile stress concentration

zone. The cracks then widened laterally and propagated

vertically to the detachment surface, generating the

horizontal and vertical displacements. After about 20 s,

the avalanche mass was fully separated and began to

slide rapidly down the slope surface at its initial speed

(Fig. 11b). In addition to the trigger of violent quaking,

the relatively steeply dipping hill slope facilitated the

rockslide.

Projectile motion

Under seismic and gravity forces, the avalanche mass

achieved a high initial speed of about 30 m/s (Fig. 12) over

a short period as it moved down the basal surface

(Fig. 11b). When the upper sliding body reached a steep

cliff, an ejection phenomenon occurred (Fig. 11c, d),

wherein the sliding body ran out from the top of the 280-m

cliff, flying along a parabolic path. While undergoing

projectile motion, the rock avalanche accelerated rapidly

(Fig. 12). A highly probable interpretation is that the high

initial velocity and the large difference in elevation

between the cliff and the valley bottom induced the pro-

jectile motion.

Granular debris flow

After the ejected body had flown through the air, it collided

with the valley floor at speeds of about 40–50 m/s (Fig. 12)

and broke into fragments, which ultimately formed gran-

ular debris. The granular debris moved rapidly forward on

the valley floor and acted as a flow-like avalanche

(Fig. 11e). The speed of movement then began to gradually

decrease (Fig. 12), and the flow-like avalanche came to a

rest spontaneously after about 120 s (Fig. 12).

Debris mass accumulation

The overall deposition area, stratigraphic sequence, and

deposition volume are depicted in Fig. 11f. According to

the simulation results, parts of the debris mass accumulated

at an elevation of 1000–1100 m, and the others were

deposited at an elevation greater than 1100 m. The particles

were marked with different colours to simulate the differ-

ent layers of the original strata, and thus the movement of

the different layers can be observed. The deposition at

greater than 1100-m elevation clearly shows mostly blue

particles in the lower portion and red particles in the upper

portion, which is similar to the original layer distribution

(Fig. 7b). However, the debris mass that accumulated at an

elevation of 1000–1100 m was very disturbed. In addition,

the total volume of sturzstrom deposit was more than the

initial volume, because of fragmentation of the sliding rock

mass and the shovel-scrape effect. The sliding surface in

the numerical model was represented by wall elements, and

so the shovel-scrape effect cannot be observed here.

Table 3 The relationship between coefficient of restitution and damping ratio by rockfall test in the field (modified from Giani 1992)

Slope materials Normal restitution coefficient Normal damping ratio Shear restitution coefficient Shear damping ratio

Bedrock 0.5 0.21 0.95 0.02

Bedrock covered by large blocks 0.35 0.32 0.85 0.05

Rock debris and soil 0.3 0.36 0.70 0.11

Soil covered by vegetation 0.25 0.40 0.55 0.20

Fig. 10 The original time

history seismic curves
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Variations in velocity and horizontal displacement

In a failure occurrence, the velocities and paths of different

points are key factors affecting avalanche dynamics.

Figure 12 shows velocity changes in the monitored parti-

cles over time. During the first 20 s, the velocities of the

monitored particles were almost zero. At about 20–40 s,

their movement was synchronized, which indicates that the

avalanche mass was integrated as a whole. After that, the

velocities increased gradually, with maximum velocities

appearing at 40–80 s. The speeds then gradually decreased,

with the debris coming to a final rest after about 120 s.

During the sliding process, particles in different layers on

the same section accelerate and decelerate almost syn-

chronously. However, velocities gradually decrease from

the top layer (particles 3, 6, 9, and 12) to the bottom layer

(particles 1, 4, 7, and 10). In addition, the velocities of

particles at different parts of the same layer exhibit dif-

ferent characteristics. Particles in the rear of the landslide

body (particles 1, 2, and 3) start slowly, and their move-

ment continues for a short time. However, particles in the

front of the landslide body (particles 10, 11, and 12) have a

fast start, and their movement continues for a longer per-

iod. The simulated horizontal displacement of the

monitored particles is illustrated in Fig. 13. Similar to the

evolution laws of velocity, the runout distances of particles

located at the front edge (particles 10, 11, and 12) are

longer than those in the rear section (particles 1, 2, and 3),

and the particles from the upper layers (particles 3, 6, 9,

and 12) are able to travel longer runout distances than those

from deeper layers (particles 1, 4, 7, and 10) in our

simulations.

The momentum transfer model, i.e. an acceleration of

the front blocks caused by increased collision (Okura et al.

2000), can be used to explain the results presented here.

During the initial phase, the landslide body was integrated

as a whole, so its movement was synchronized. Thereafter,

the rock mass was fragmented into relatively small blocks.

Because of the restricted free movement, collisions

occurred between rock blocks. Rock blocks at the rear and

bottom surfaces pushed rock blocks forward at the front

and top surfaces. The collision interaction between the rock

blocks involved the transfer of momentum, which caused

the front of the mass to continue for a greater distance.

Parameters controlling the mobility
of the Wenjiagou rock avalanche

Two major numerical parameters, the basal friction

coefficient and the internal bonding strength, are the most

crucial factors influencing landslide transport and depo-

sition in the PFC2D model (Tang et al. 2009). This

section describes a series of numerical simulations that

were performed to investigate the runout distance and

deposition area of the Wenjiagou rock avalanche in

relation to the friction coefficient and bond strength

(Figs. 14, 15).

Fig. 11 Wenjiagou landslide simulation scenarios
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Influence of the friction coefficient

Kinetic friction occurs when the landslide body moves

along the sliding surface. The kinetic friction coefficient is

typically smaller than the static friction coefficient, which

is crucial for conducting numerical simulations of a

catastrophic avalanche. However, the kinetic friction

coefficient must be obtained experimentally and is difficult

to measure accurately. Thus, in this study, a set of

numerical experiments with basal coefficients of 0.2, 0.3,

and 0.5 were carried out to determine the most plausible

friction coefficient. Figure 14 presents the simulation

results for the three friction coefficients of the avalanche

slip surface.

Fig. 12 Velocity profiles of

monitored particles versus time

during landslide simulation

Fig. 13 The horizontal displacements of monitored particles versus time during landslide simulation
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As shown in Fig. 14, the basal friction coefficient

strongly influences the runout distance and deposition

patterns. The observed maximum travel distance of the

Wenjiagou avalanche becomes shorter as the basal friction

coefficient increases. In addition, the extent of the accu-

mulation areas changes with the various basal friction

coefficients. When the basal friction coefficient is assigned

a value of 0.3, a small portion of the rock avalanche sed-

iments is deposited at the Hanjia platform. With a friction

coefficient of 0.5, no sliding occurs in portions of the rock

mass, which remain on the rock avalanche source area.

The results of the simulation indicate that a low friction

coefficient (about 0.2) satisfactorily accounts for the actual

characteristics of the Wenjiagou avalanche. A small fric-

tion coefficient may be explained by a variety of reasons.

Both sliding speed and magnitude of the load, in addition

to factors such as the characteristics of the sliding surface,

can affect the dynamic friction coefficient. In addition, air

trapped in the zone between the sliding body and the valley

bottom when the sliding body lands at a high velocity may

cause debris avalanches to ride on a cushion of compressed

air (Wang et al. 2010). Regardless of the theoretical

explanation, low basal friction enables the debris avalanche

to run several thousand metres in about 2 min, and at the

same time, results in a rock avalanche with high velocity.

Influence of the bond strength

Bond strength values of 10, 50, and 100 MPa, indicating

different levels of rock mass strength, were used to com-

pare their effect on runout distance and deposition patterns.

Figure 15 shows the results from multiple bond strength

models with the basal friction coefficient (μ = 0.2) as

determined above. The series of simulation results indicate

that lower bond strength enables the sliding body to more

easily transform into a debris avalanche. High bond

strength, on the other hand, will cause the main body mass

to behave as a rigid block, thus making fragmentation

difficult. In addition, it appears that the various parallel

bond strength values used in this study do not make a

significant difference in runout distance or debris flow

avalanche deposit. With respect to the back analysis of the

runout distance and debris morphology, bond strength of

50 Mpa and a basal friction coefficient of 0.2 gave the best

simulation results for the Wenjiagou rock avalanche

movement process.

Evolution of fragmentation

When stress exceeds the tensile/shear strength of the par-

allel bonds, cracks will form and propagate in the rock

Fig. 14 Simulation results of sliding mass distributions under

different residual friction coefficients (C = 50 Mpa)

Fig. 15 Simulation results of sliding mass distributions under

different bond strengths (μ = 0.2)
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mass, causing it to separate into blocks. Once the landslide

begins to move, the bonds are rapidly destroyed because of

the collision in rock fragmentation (Davies and McSaveney

2009). Figure 16 illustrates the crack numbers for parallel

bonds during the Wenjiagou avalanche process.

According to the results, about 4 % (250) of the parallel

bonds between particles were broken within 30 s, which

indicates that cracks developed slowly. This was followed

by a sharp increase in total number of cracks. During the

interval from 30 to 70 s, the number of cracks increased by

about 84 %, a substantial growth (Fig. 16), indicating

almost complete breakage of the rock mass into granular

debris. Based on the avalanche simulation (Fig. 11d), the

mass of rock debris crashed into the bottom of the Wen-

jiagou valley during this time. Subsequently, the number of

cracks remained at the same level. Figure 16 also shows

that almost all of the cracks were generated by the tensile

stress. Thus one could reasonably conclude that the colli-

sion of the rock mass with the valley bottom was the

primary cause of the fragmentation of the Wenjiagou rock

avalanche.

Energy analysis

To investigate the evolution of energy input and dissipation

during the mass movement, various types of energy in

incremental form were traced in our numerical model.

Figure 17 shows the evolution of various incremental

energy components against sliding time. The total energy

in the granular system is determined by the combined

effect of gravity and seismic forces. With regard to energy

loss, there are essentially two types: energy dissipation

resulting from collisions, and that caused by friction. The

fluctuations in strain energy are very small, accounting for

less than 1 % of the potential energy loss, and thus can be

neglected in energy calculations. From the law of

conservation of energy, the value of the total energy equals

the sum of kinetic, collisional, and frictional energies. The

results of the simulation show that the total energy was

largely transformed into kinetic and frictional energy

within the 0–40-s time interval. During the 40–80-s inter-

val, the collision energy dissipation increased considerably.

According to the simulation (Fig. 11d), the sliding body

crashed into the bottom of the Wenjiagou Valley during

this time. The kinetic energy development shows that the

kinetic energy of the system was reduced to zero at about

120 s, as the Wenjiagou avalanche movement came to an

end. Finally, the proportion of collisional and frictional

energy had risen to 30 and 70 %, respectively. Therefore, it

can be deduced that friction is the main source of energy

dissipation during the entirety of the Wenjiagou avalanche

movement.

High-mobility mechanism of the Wenjiagou rock
avalanche

Based on numerical simulations, the hypermobility mech-

anism of the Wenjiagou rock avalanche will be discussed

from an energy transformation perspective in this section.

High gravitational potential energy

The Wenchuan earthquake triggered the Wenjiagou rock

avalanche and provided the sliding mass with a high initial

speed. However, the main acceleration stage of the Wen-

jiagou avalanche was the projectile motion process. In this

stage, almost all of the gravitational potential energy of the

ejected body was converted into kinetic energy. The rela-

tive elevation of the avalanche was 1300 m, and the total

volume of the avalanching mass was greater than

2.75 9 107 m3, which provided the moving mass with high

gravitational potential energy. Thus the high gravitational

Fig. 16 Crack number time–history curves Fig. 17 Energy time–history curves
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potential energy provided the energy basis for the high-

speed and long-runout landslide.

Low basal friction coefficient

The basal friction coefficient from back analysis of the

Wenjiagou avalanche event is abnormally low, which

supports the argument for a substantial decrease in friction

during the landslide process. The low coefficient of friction

and resulting low energy loss facilitated the high-speed,

long-distance movement of the rock mass.

Favourable movement of rock mass

Based on the simulation results, four types of mass

movements can be distinguished during the Wenjiagou

rock avalanche: sliding, falling, bouncing, and rolling.

Diverse patterns of movement are accompanied by differ-

ent forms of energy dissipation. Clearly, collision energy

dissipation can contribute substantially to a reduction in

avalanche runout distance. However, our simulation

demonstrated that friction was the main source of energy

dissipation, revealing that sliding and rolling were the

dominant modes of movement during the Wenjiagou ava-

lanche, and contributed to the high mobility.

Topographical conditions

Previous studies have suggested that the mass movement of

rock avalanches is governed by topographical conditions

(Dykes and Warburton 2007; Nishii and Matsuoka 2012;

Sosio et al. 2008). Topographical conditions clearly play an

important role in controlling the process of energy trans-

formation. When an avalanche moves down a steep slope,

its speed will increase, whereas when it moves over a

gentle slope, its speed will be reduced. If the avalanching

mass collides with a barrier, energy dissipation will occur,

causing a reduction in runout distance. For the Wenjiagou

rock avalanche, the free surface, steep terrain, and suffi-

cient transport space provided the basic conditions for

hypermobility.

Conclusions

The dynamic process of the Wenjiagou rock avalanche was

simulated using PFC2D to analyse the mechanisms gov-

erning the high mobility of avalanche debris. The modelled

scenario provided a satisfactory fit to the actual topogra-

phy, adding credibility to the modelling results.

With regard to dynamic processes, the Wenjiagou rock

avalanche can be divided into four phases: failure rupture,

projectile motion, granular debris flow, and debris mass

accumulation. During the entire avalanche process, rock

blocks at the front and upper edges exhibited higher

mobility than those at the rear and bottom edges. The

collision of the rock mass with the valley bottom was the

main factor causing the fragmentation of the rock mass.

From a hypermobility perspective, the morphology of

the sliding surface indicates that the basal friction coeffi-

cient has a larger influence than the bond strength on the

maximum runout distance and debris morphology. In

addition, friction was the main source of energy dissipation

during the entirety of the Wenjiagou avalanche movement.

Analysis results also indicate that the high gravitational

potential energy was the basis for the high mobility. The

low basal friction coefficient, favourable block movement,

and topographical conditions all affected energy dissipa-

tion and contributed to the hypermobility of the Wenjiagou

rock avalanche.
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