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Abstract: The earthquake-induced rock avalanche in the Tangjia Valley was the most notable geological disaster triggered by the Lushan
earthquake in 2013. In order to investigate the transport kinematics and depositional mechanism of this catastrophic landslide, a 2D discrete
element model was developed and calibrated using field data. The model was then used to analyze the seismic response and mass transport
process of a natural slope. The slope response to earthquake was numerically studied focusing on crack initiation, propagation, and coales-
cence within the rock mass. The mass movement and accumulation process were interpreted in terms of evolution of stress and solid fraction,
kinematic behavior, and energy conversion. During the mass transport process, the slope was fragmented progressively due to intense shear-
ing, allowing a basal layer of gradually fining solid particles to be generated with simultaneous occurrence of violent collisions, increase in
particle kinematic activities, and the reduction of solid concentration. To further study this deformation process, fragment size distributions
and fractal dimensions were described by Weibull distribution and power-law function, respectively. This statistical analysis reveals that dy-
namic disintegration continuously operates with the increasing runout distance. It is also found that the distribution of the fragment shapes
becomes stable as the avalanche loses its momentum and deposition starts in the runout area. The proposed framework for the analysis of rock
avalanches can be used to understand the physics of similar geological hazards. DOI: 10.1061/(ASCE)GM.1943-5622.0001800. © 2020
American Society of Civil Engineers.
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Introduction

Large earthquakes in mountainous regions commonly result in cat-
astrophic and widespread landsliding, which is a significant hazard
during and in the immediate aftermath of ground shaking (Keefer
1994). These events have been reported worldwide in the past
few decades. For example, coseismic landslides that developed
during the 2005 Kashmir earthquake (Ms= 7.6) caused about
30% of the total fatalities (Havenith and Bourdeau 2010). In the
2008 Wenchuan earthquake (Ms= 8.0), a quarter of the total deaths
and over one-third of the total damage costs were caused by
earthquake-triggered landslides (Yin et al. 2009). Less than five
years later, a strong shock happened once again along the Longmen
Shan fault zone located about 80 km southwest of the epicenter of
the 2008 event and induced as many as 15,645 coseismic landslides
(Xu et al. 2015a, b). In recent years, there has been an increasing
interest in the study of earthquake-triggered landslides; however,

much uncertainty still exists regarding the transport mechanism
and fragmentation process.

Rock avalanches are among the most destructive landslides that
are commonly triggered by strong earthquakes. In the literature,
many hypotheses have been proposed to explain the rock transport
kinematics and dynamics, including air or vapor lubrication (Kent
1966; Shreve 1968; Habib 1975), mechanical fluidization (Bagnold
1954; Davies 1982), momentum transfer (Eisbacher 1979; Davies
et al. 1999), acoustic fluidization (Melosh 1986), energetic disinte-
gration (Davies and McSaveney 1999), and basal rock melting
(Erismann and Abele 2001; De Blasio and Elverhøi 2008).
Although some of the invoked mechanisms may be important for
some specific events, none has so far gained universal acceptance
for elucidating the rock avalanche mobility. In natural conditions,
the deposited material in long-runout rock avalanches has been ob-
served in diverse geological conditions to be composed of highly
fragmented parent material (Locat et al. 2006; Crosta et al. 2007;
Perinotto et al. 2015; Wang et al. 2015; Zhang et al. 2019).
Thus, dynamic rock fragmentation within the flow has been in-
voked as a possible mechanism for effective lubrication in rock
avalanches (Davies et al. 1999; Davies and McSaveney 2009;
McSaveney and Davies 2009). The related research has been per-
formed by means of field observations of real rock avalanche de-
posits (Locat et al. 2006; Crosta et al. 2007; Dunning et al. 2007;
Zhang and Yin 2013) and laboratory experiments (Giacomini
et al. 2009; Imre et al. 2010; Bowman et al. 2012; Haug et al.
2016). Crosta et al. (2007) described the spatial distributions of
the fractal dimension values measured at both the source and the
deposit areas, which delineate the fragmentation process and the
corresponding energy consumption. Imre et al. (2010) performed
a series of centrifuge tests and stated that the interparticle collisions
play a dominant role in the fragmentation of a rock avalanche.

Extensive effort has been exerted to reproduce the runout behav-
ior of landslides numerically (Campbell 1990; Calvetti et al. 2000;
Campbell 2006; Antolini et al. 2016; Gong and Tang 2017;
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Shen et al. 2017, 2018; Gao and Meguid 2018a, b), particularly as
the complex nature and rapid process of landslides may not be com-
prehensively analyzed using field investigations or experiments.
Such efforts involve the application of discrete or continuum meth-
ods. The continuum method is inherently capable of simulating the
dynamic movements of actual landslides. However, continuum-
based numerical models often fail to reproduce the progressive
failure of rock slopes, especially the dynamic release and the ac-
companying complex internal distortion, dilation, and fracture
(Stead et al. 2006). Unlike continuum models, the discrete element
method (DEM), does not limit the extent of element separation, and
the mass movement process from fracture to separation can be fully
simulated. More importantly, from the mesoscopic view, the inter-
nal disruption of rock avalanches very high signifies the nearly
complete disaggregation into individual soil grains or small rock
fragments. Therefore, the DEM is considered an effective tool for
modeling rock avalanches, in which the avalanching process is ex-
tremely rapid and exceedingly complex involving sliding or flow.
By employing DEM simulations, Campbell (1989) demonstrated
that particles in the base exhibit high fluctuations with increase
of granular temperature and thus increasing apparent friction reduc-
tion of landslides. Campbell et al. (1995) observed that the stratifi-
cation is well preserved in their original order within the debris and
suggested that the material at the top of the debris may have been
very gently handled, which accounts for the large, angular, and ob-
viously unagitated fragments found on the surface of the actual
landslide deposit.

A large body of literature on DEM aspects of modeling
earthquake-induced landslides focused on the kinematic behavior
and deformation evolution of the actual landslides triggered by
seismic activities only throughout simple recording of the displace-
ments and velocities (e.g., Tang et al. 2009; Zhou et al. 2013; Yuan
et al. 2014). However, less attention has been paid to studying the
dynamic fragmentation process and transport mechanism of
earthquake-induced landslides with complex geological and geo-
morphological settings (Meunier et al. 2007; Zhao and Crosta
2018). Therefore, the Tangjia Valley rock avalanche, as one of
the few identified large-scale landslides resulting from the seismic
event of the Lushan earthquake, is selected as a natural laboratory
to investigate the characteristics of earthquake-induced rock
avalanche, including joint distribution, crack evolution, energy
transition, dynamic fragmentation, and deposition pattern. In this
study, a suitable set of microparameters was calibrated using uniax-
ial compression strength (UCS), and the developed numerical
model is validated based on the recorded information at the site.
The sedimentary fabric within the rock deposit and the fragment
statistics presented in this study provide new insight into the depo-
sition mechanism of a bonded granular system associated with a
large-scale rock avalanche.

Tangjia Valley Rock Avalanche

The Tangjia Valley rock avalanche (30° 10′ 43′′ N, 102° 45′ 40′′ E)
occurred in the Damiao village, Laochang Township, Tianquan
county, Sichuan province, China, and is the largest rock avalanche
triggered by the Lushan earthquake.

Geological and Geomorphologic Setting

The 2013 Lushan earthquake occurred on the easternmost margin
of the Tibetan plateau. A series of predominantly north-northeast
striking thrust faults were observed at the base of the Longmen
Shan Mountains, at the northwestern edge of the Sichuan Basin

(Tang et al. 2015). The fault belt consists of three thrust faults: the
Maoxian-Wenchuan fault (back-range fault), the Yingxiu-Beichuan
fault (central fault), and the Guanxian-Jiangyou fault (front-range
fault). The 2008 Wenchuan earthquake occurred on the central
part of the Longmen Shan fault belt, whereas the 2013 Lushan
earthquake occurred on the southwestern segment. The epicenter
of the Lushan event was near the Shuangshi-Dachuan fault [see
Fig. 1(a)]. The Tangjia Valley rock avalanche is located in the
footwall of the fault branch [see Fig. 1(b)]. The violent ground
shaking triggered by the seismic fault resulted in the largest
Lushan earthquake-triggered landslide. In the rock avalanche
area [Fig. 1(b)], lithology of the footwall (southeast plate) is com-
posed of late Triassic light gray thick sandstone, quartzitic sand-
stone, mudstone of Xujiajointe Group (T3x), and the Quaternary
deposits (Qdel

d ) with a thickness of 3–5 m. The hanging wall
(northwest plate) is composed of early Triassic purple silty mud-
stone and dolomitic sandstone in moderate-thin layers (T1f ) and
thick, gray dolomitic limestone of Jialingjiang Group (T1j),
which is overlapped by the Leikoupo Group (T2l ) of the middle
Triassic age.

From a geomorphologic point of view (Fig. 2), rock avalanche
source area lies on a narrow mountain ridge with an average
width of 10 m, which is characterized by two steep lateral flanks
with slope gradients of 60°–63°, and deeply incised valleys (i.e.,
Chunjianwo and Gangoutou valleys) in the frontal region.

Failure Mechanism and Dynamic Process

The landslide can be divided into the following four areas: the
source area, transport area, deposition area, and converging area
(see Fig. 3), and the corresponding possible failure process is as
follows (Hu et al. 2013; Li et al. 2017):
1. The intense seismic shakings loosened and weakened the slope

materials, facilitating further degradation of highly weathered
rock mass strength. As a result, the rock slopes shattered and
collapsed at a high speed, afterward the rock material traveled
toward the direction of 130° over a short time period from the
source area. At an elevation of 1,500 m a.s.l., due to the pres-
ence of the mountain ridge [see Fig. 4(a)], the displaced slope
mass was split into two streams [see Fig. 3(a)], that is, the left
stream (rock avalanche I) toward the direction of 104° and the
right stream (rock avalanche II) toward the direction of 156°.
Thus, the source area can be divided into two subzones: S-Ia
and S-Ib, which represent the source area for the left stream
[Figs. 3(b) and 4(b)] and right stream [Figs. 3(c) and 4(c)], re-
spectively. The complete geometric and geologic information
of the source area is summarized in Table 1.

2. The slope mass ran down rapidly in the transport areas T-IIa and
T-IIb for the left and right stream, respectively. Subsequently,
the translating slope mass was transformed into debris flows
as it collided onto the opposite mountains of the left bank of
Chunjianwo Valley and the right bank of Gangoutou Valley
for the left and right streams, respectively. After the rock
mass disintegrated, a small portion of the material within the
left stream climbed up against the opposite valley bank to a
maximum height of 35 m at location A1 [see Fig. 3(a)], whereas
most of the fragmented rock continued traveling rapidly along
the steep terrain. In addition, the sliding mass of the right stream
super-elevated on the right bank of the Gangoutou Valley with
a height of 15 m at location B1 [see Fig. 3(a)], which forced the
fragmented rock flow to move with a 33° deflection and then
continued to travel downward in a rapid motion along
the valley.

© ASCE 04020157-2 Int. J. Geomech.
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3. Due to the longitudinal gradients of the valleys being relatively
small with 17.5‰ (≈10°) for Chuanjiawo Valley and 144‰
(≈8°) for Gangoutou Valley, respectively. The left stream debris
accumulated in the subzone D-IIIa, which was located along the

Chunjianwo Valley at elevations ranging from 1,170 to 1,270 m
a.s.l. [Figs. 3(a) and 4(d)]. The right stream debris accumulated
in the subzone D-IIIb, which was located along the Gangoutou
Valley at elevations ranging from 1,170 to 1,215 m a.s.l.

(a)

(b)

Fig. 1. (a) The tectonic setting of the 2013 Lushan earthquake (SDF=Shuangshi-Dachuan fault; WSF=Western Shangli fault; DF=Dayi fault;
YWF=Yanjing-Wulong fault; and JAF= Jintang Arc fault); and (b) a geological map of landslide area. (Adapted from Xu et al. 2015a.)

© ASCE 04020157-3 Int. J. Geomech.
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4. After running out a distance of around 763 and 409 m for left
and right stream, respectively, the displaced material converged
in the area D-IIIc [see Figs. 3(a) and 4(e)] at an elevation rang-
ing from 1,144 to 1,170 m a.s.l. Finally, with the decrease of
mass movement velocity, the landslide came to a halt at the
Tangjia Valley after traveling about 223 m.

Discrete Element Modeling

Numerical Model

In this distinct element (DE) analysis, the rock mass is simulated as
an assembly of particles cemented together using the parallel-bond

Fig. 2. Overview of local geomorphologic conditions of the Tangjia Valley rock avalanche. (Image: Google Earth, CNES/Airbus, 2019)

(a) (c)

(b)

Fig. 3. (a) Detailed topography of the Tangjia Valley rock avalanche along the main movement direction; (b) geological section map of the left stream
of the avalanche along line A–A′; and (c) geological sectiGoogle on map of the right stream of the avalanche along line B–B′.

© ASCE 04020157-4 Int. J. Geomech.
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model (Itasca Consulting Group 2014). The parallel-bond models,
characterized by tensile and shear strength and normal and tangen-
tial stiffness, have been widely used to study cracking and fragmen-
tation of rock material (Potyondy and Cundall 2004).

The maximum tensile and shear stresses acting on the parallel-
bond periphery are calculated from the beam theory to determine
whether an interparticle bond breaks, as

�σ =
�Fn

�A
+
‖ �Mb‖�R

�I
(1)

�τ =
‖�Fs‖
�A

+
| �Mt|�R
�J

, 3D

0, 2D

⎧⎨
⎩ (2)

where �Fn, �Fs = normal and shear parallel-bond force; �Mt,
�Mb = twisting and bending parallel-bond moments; �R, �A, �I , and
�J = the bond radius of the cross-sectional area, moment of inertia

(a)

(b) (c)

(d) (e)

Fig. 4. Characteristics of the Tangjia Valley rock avalanche: (a) the mountain ridge controls the landslide initiation; (b) the upper part of the Chun-
jianwo Valley toward the source area; (c) the upper part of the Gangoutou Valley toward the source area; (d) deposits in the Chunjianwo Valley; and
(e) the two streams converge into the Tangjia Valley.

Table 1. Field information of source area

Geometric and geologic conditions Zone S-Ia Zone S-Ib

Length (m) 160–170 230–240
Width (m) 110 75
Average slope (°) 53 50
The head scarp in elevation (m) 1,605 1,600
The toe of rupture surface in elevation (m) 1,340 1,340
Height difference (m) 265 260

© ASCE 04020157-5 Int. J. Geomech.
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of the parallel-bond cross-section, and the polar moment of inertia
of the parallel-bond cross-section, respectively.

Fig. 5 shows the numerical model of the rock avalanche, built us-
ing PFC2D 5.0 based on the profile map depicted in Figs. 3(b and c).
The sliding surface is modeled using wall elements and the sliding
body is constructed using 12,000 and 12,056 ball elements with the
same particle size distribution for the left and right streams of the
avalanche, respectively [Figs. 5(a and b)]. On the basis of in situ
observation in the landslide area (Hu et al. 2013), the adopted min-
imum disk diameter is 1.0 m and the size ratio rmax/rmin of the rigid
particles is taken as 1.66 to prevent a reorganization of the particles
within a closed-packed lattice, which otherwise would dramatically
alter the behavior of the particle assembly (Potyondy and Cundall
2004; Imre et al. 2010). To gain insights into the kinematics and
dynamics of the left stream of the avalanche, four particles were
monitored, as shown in Fig. 5(a). In addition, to better visualize
the emplacement process of the landslide, six layers were identified

using different colors (see Fig. 5). It is worth noting that only the
left stream of the avalanche was analyzed thoroughly in this
study to illustrate the mechanism of the earthquake-induced land-
slides. The right stream of the rock avalanche is presented, how-
ever, for the purpose of comparison and validation.

Physical and Mechanical Parameters

To enable the use of PFC models as a reliable simulation tool, it is
necessary to establish a reasonable relationship between the numer-
ical parameters and the mechanical characteristics of the problems
(Potyondy and Cundall 2004). However, there is no straightfor-
ward relationship between macroscopic and microscopic parame-
ters (Calvetti et al. 2000; Tang et al. 2009; Garcia and Bray
2018; Gao and Meguid 2018c). In this study, the microparameters
needed for the PFC model (Table 2) are derived from uniaxial com-
pression (Fig. 6). The unconfined compressive strength of the rock

(a)

(b)

Fig. 5. Two-dimensional discrete element model of the rock avalanche: (a) left stream; and (b) right stream.

© ASCE 04020157-6 Int. J. Geomech.
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mass (UCSm) and Poisson ratio (ν) are fitted with that of Tangjia
Valley rock mass. The UCSm of the Tangjia Valley rock mass
(mainly sandstone) is estimated to be 3.45 MPa, by an empirical re-
lationship UCSm =

��
S

√
UCSr (Hoek and Brown 1997; Hoek et al.

2000), where UCSr, the unconfined compressive strength of intact
sandstone, is 108.9 MPa, according to Chang and Zhang (2007);
S is an empirical parameter related to discontinuities in the rock
mass that is estimated to be 0.001 according to Hoek et al. (2000).

Earthquake Loading and Boundary Conditions

After the primary stress field is generated due to gravity, seismic
motion is applied at the wall boundary by integrating the corrected
accelerations recorded at the Baoxing seismic station during the
Lushan earthquake. Seismic shaking duration of 45 s is adopted in
this study. Fig. 7 shows the combined acceleration records used in
the analysis. Velocity time histories [Figs. 7(b, d, and f)] are obtained
by integrating the acceleration records [Figs. 7(a, c, and e)], respec-
tively. The horizontal earthquake waves represent the projection in
the main sliding directions (N104°E) and (N156°E) for the left and
right streams of the avalanches using the acceleration records in
E–W and N–S directions as computed by Eqs. (3) and (4), respec-
tively. The input vertical earthquake velocity [Fig. 7(f)] is integrated
from the acceleration records in U–D direction, as shown in Fig. 7(e).

aLeftH = aE−W · sin 104◦ + aN−S · cos 104◦ (3)

aRightH = aE−W · sin 156◦ + aN−S · cos 156◦ (4)

where aLeftH and aRightH = the horizontal accelerations of the left and
right streams, respectively; aN–W and aN–S= the acceleration re-
cords in the east-west and north-south directions, respectively.
The angles 104° and 156° represent the main sliding directions
for the left and right streams of the avalanches, respectively.

Joint Characteristics

In addition to the discontinuities that are normally considered in es-
timating rock mass strength, larger discontinuities, such as bedding
surfaces and joints, cannot be disregarded when constructing a
numerical model (Barla et al. 2011; Zou et al. 2017). In particular,
the Tangjia Valley rock slope is heavily jointed according to field
investigations. Many of the rock blocks found in the rock avalanche
are broken along pre-existing discontinuities, such as bedding
surfaces and joint sets. However, it is not practical to reconstruct
the exact system of joint sets due to the complicated nature of
the discontinuities and unfavorable site conditions at the source
area. Therefore, debonding particles along the orthogonal planes
(J1 and J2) with an average spacing of 20 m are incorporated in
the 2D DE model (see Fig. 5) to approximately simulate the natural
joint systems at the site. In addition, it is worth noting that all joints
are assumed to be fully persistent along the orthogonal pattern, so
that they can slice the rock block completely.

Damping

Previous studies reported by Calvetti et al. (2000), Zhou et al.
(2016), Gao and Meguid (2018a, b), and Zhang and Evans
(2019) illustrated that dynamic simulations are sensitive to the pres-
ence of damping. Moreover, in a system of particles, energy is
mainly dissipated through frictional sliding and viscous damping
at particle–particle or particle–wall contacts (Zou et al. 2017). Vis-
cous damping, proportional to the relative velocities of the particles
in contact, is employed to replicate the energy dissipated by particle
asperities being sheared off and the plastic deformations of the con-
tacting particles. In this study, the viscous normal vn and shear vs
damping constants of granular particles within the rock mass
(particle–particle contacts) are selected to be vn= vs= 0.02, which
are similar to those adopted by Zhao et al. (2017). As stated by

Table 2. Micromechanical parameters used for the DE model

Parameter Assigned value

Particle density 2,600
Friction coefficient (ball-ball) 0.4
Friction coefficient (ball-wall) 0.15
Effective contact modulus (GPa) 5
Normal-to-shear stiffness ratio (kn/ks) 2.5
Bond effective modulus (GPa) 6
Bond normal-to-shear stiffness ratio (�kn/�ks) 2.5
Parallel-bond tensile strength (MPa) 3.44
Parallel-bond cohesion (MPa) 3.44
Parallel-bond friction angle (Degree) 30
Parallel-radius multiplier (–) 1.0

Fig. 6. Modeling the unconfined compression test.
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McNamara (2013), the high viscous damping at the base could ef-
fectively mimic the absorbing boundary condition for the seismic
wave transmission and reflection at the slope base, therefore, the
normal and shear damping coefficients of the particles along the
failure plane (particle–wall contacts) are selected to be 0.21 and
0.02, respectively, as suggested by Feng et al. (2017).

Simulation Results

Kinematics of the Rock Avalanche

Fig. 8(a) shows that the rock avalanche experiences a complex
sequence of accelerations and decelerations as the earthquake
wave propagates. The average velocity reaches 10 m/s after ap-
proximately 15 s, and attains a peak value of 15 m/s at t= 30 s.
At that time, most of the avalanche material disintegrates and de-
parts from the cliff, as shown in Figs. 9(a and b). Afterward, the

rock avalanche gradually decelerates to 10 m/s at t= 45 s, and
the subsequent landslide deposition leads to continuous decrease
of velocity until it finally become 0 at t= 75 s. The comparison be-
tween the rock avalanche at t= 45 s [Fig. 9(c)] and the final deposit
in Fig. 9(d) illustrates that the rock avalanche completes most of its
long-runout motion during earthquake excitement, which accords
well with the field observations (Hu et al. 2013). Therefore, the
movement process can be divided into three phases: (1) early accel-
eration (t < 10 s) with low seismic shaking intensity; (2) high-speed
long-runout with intense seismic shakings (10 s < t<45 s); (3) final,
low-speed deposition under gravity only (t> 45 s). The maximum
velocities of the rock mass are then used to reveal the agitation in
the rock avalanche. The maximum velocities can be found such
that Vmax=max(vi), where vi is the velocity of a granular particle
at a certain time, and i ranges from 1 to n; n is the number of the par-
ticles in the DE model. It is shown that the maximum velocity of the
granular system is between 40 and 45 m/s, which is approximately
three times higher than the average velocity of the avalanche mass.

(a) (b)

(c) (d)

(e) (f)

Fig. 7. Seismic time history curves: (a) horizontal acceleration for the left stream; (b) horizontal velocity for the left stream; (c) horizontal acceleration
for the right stream; (d) horizontal velocity for the right stream; (e) vertical acceleration; and (f) vertical velocity.
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The average velocity of the rock avalanche gradually declines after t
= 30 s, while the maximum velocity of the flowing mass remains
high up to t= 60 s. This observation indicates that despite the fact
that the partial deposition with a decrease in seismic shaking intensity
results in a drop in the average velocity, some of the far-traveled par-
ticles continue to travel at high speed under gravity accompanied by
the ongoing disintegration and fragmentation processes. The analy-
ses of both the average and the maximum velocity of the granular
system can be used as a complementary way to quantify the intensity
of the rock mass movement in the perspective of time and location.

Fig. 8(b) shows that particles originating at a given vertical
section of the avalanche body have similar velocity trends, indicat-
ing that they follow similar acceleration and deceleration patterns;
however, the velocities decrease gradually from the top to the
bottom of the slide. During the first 10 s, the velocities of the mon-
itored particles are almost the same, which indicates that the ava-
lanche mass is moving as one unit. The velocities then increase
at a distinct rate, with maximum velocities appearing at 20–40 s.
Subsequently, the speeds gradually decrease, with the avalanche
gradually starting to deposit after the end of the seismic loading

at a time of 45 s. Though rock blocks from the upper layers of
the avalanche experience more runout distance and higher veloci-
ties than those that originated in the lower layer, the trajectories
of the monitoring points show that their relative vertical positions
are maintained during the landslide propagation and deposition
[see Fig. 8(c)], indicating strata are well preserved in their original
order within the debris. This can be verified by the granular dy-
namic evolution, shown in Figs. 9(a–d), in which the colored layers
are preserved in their original order. This phenomenon of stratigra-
phy preservation has also been reported in some well-documented
numerical and field investigations (Campbell et al. 1995; Chang
and Taboada 2009; Thompson et al. 2009; Zhao and Crosta 2018).

The evolving motion of the rock avalanche is presented in
Figs. 9(a–d). At the early stage [Fig. 9(a)], the seismic velocities
in the two directions reach their peak values. Meanwhile, failure
starts at several closely spaced points and multiple cracks grow
simultaneously relaxing the tensile stresses within the tail region
of the avalanche due to the downward pulling forces exerted by
the lower avalanche mass. Between 12.6 and 30 s, the intense
shakings result in high shear stresses at the base. Consequently,

(a)

(b)

(c)

Fig. 8. (a) Maximum and average velocities of the mass during motion; (b) velocities of the monitoring points along a vertical section with the time;
and (c) velocity trajectories of the monitoring particles along a vertical section.
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cracks develop and grow to coalescence from both the front and tail
regions toward the middle of the moving rocks [Fig. 9(b)]. This fa-
cilitates fragmentation and pulverization of the solid rocks within
the middle region. The entire avalanche body, then, accelerates
and runs down the valley [Fig. 9(c)]. Finally, the rock avalanche
decelerates and settles gradually [Fig. 9(d)]. The displaced material
travels a horizontal runout distance of about 1,560 m with a descent
of approximately 447 m. This corresponds to a Fahrböschung of
16°, which is slightly smaller than the 16.7° reported by Li et al.
(2017).

Stress Evolution and Solid Concentration

In order to gain further insights into the dynamic process of rock
mass movement, the stress and the solid fraction fields inside the
avalanche were computed using the spatial interpolation tech-
niques, which has been applied by Mollon et al. (2012) to analyze
the collective behavior of granular flows in a planar slope. The av-
erage stress evolution, as demonstrated in Fig. 10(a) correlates
well with the progression of the fracturing. The stress

concentration begins at the basal region of the granular mass.
The increase of these stresses may facilitate the fracture and
block fragmentation of the slope mass. The cracks are initiated
at the joint tips, propagated, and cut through the rock bridges.
The coalescence of cracks in the basal region [see Fig. 9(b)] re-
sults in higher stresses [see Fig. 10(a)], promoting the development
of fragmented fine-grained basal shearing layers during avalanche
emplacement. As the cracks propagate to the surface, then cluster
and coalesce in the main body with the avalanche transiting into
the deposition phase, the major part of the avalanche body will be
severely disintegrated as shown in Figs. 9(b and c) and only some
coarse-grained blocks will be embedded in a fine-grained matrix.
In addition, it is worth noting the low stresses at the top of the
slope help to preserve the angular surface or fractured coarse blocks,
often found in large avalanche deposits.

As stated by Mollon et al. (2012), the solid fraction can provide
a good qualitative assessment of the kinematics and dynamics
inside the flow. First, a representative volume is defined for the par-
ticles in the area that needs to be investigated. This representative
volume is defined by the nonconvex envelope of neighboring

(a)

(b)

(c)

(d)

Fig. 9. Evolution of the landslide process at different time stamps: (a) t= 12.6 s; (b) t= 30 s; (c) t= 45 s; and (d) t= 75 s.
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particles, nv. The solid fraction is then defined in terms of the total
representative volume Vtot within the nonconvex envelop, and the
volume Vm of granular material inside the Vtot. To account for the
fact that the increase in the number of particles inside the represen-
tative volume can reduce the inaccuracy, the nv was chosen to be
50 in this study. The solid fraction is then calculated using

s =
Vm

Vtot
(5)

The solid fraction pattern in the sliding mass [Fig. 10(b)] is
spatially synchronized with the fracturing initiation, propagation,
and coalescence (Fig. 9), and the areas of low solid fraction accord
well with the ones experiencing a substantial amount of disintegra-
tion. In addition, the distribution of solid fraction in the avalanche
can be a dynamic indicator for the fragmented flow, that is, first,
the rock blocks are tightly connected by the bonds, forming a
high solid concentration. Then, as the ground shaking intensity in-
creases, bond breakages accumulate gradually to form a connected
fragmented granular layer beneath the translating slope mass (see
Fig. 9). This may lead to the more pronounced low solid fraction
as the avalanche develops, promoting the subsequent landslide prop-
agation [see Fig. 10(b)]. Concurrently, the front head of the granular
body is also observed to possess the lowest solid concentration,
which infers that an increasing number of solid particles within
this region become dilute and easily jump away from the main
body as shown in Fig. 10(b) (at time t= 30 s and t= 45 s). Finally,
as the fragmented flow accumulates and deposits (t= 75 s), the gran-
ular body transits to possess a high solid fraction. This can be ex-
plained by the fact that the distribution of the solid fraction in the
avalanche corresponds well with the dilation and compaction. The
dilation is found to start at the base of the avalanche, and propagates
through the entire mass as the avalanche develops. After cracking,

fracturing, and deforming under the action of gravity and seismic
forces, the bonded granular system is disintegrated into a clast and
fine-grained matrix. This process results in continuous rearrangement
and recompaction as the avalanche loses momentum and particles are
progressively deposited in the runout area.

Energy Regime and Rock Damage

Evaluation of the energy regime of the rock avalanche is helpful for
understanding the mechanism of rock fragmentation and the kinetic
characteristics of rock fragments. Following Utili et al. (2015) and
Zhao et al. (2017), the potential energy of the rock mass, Ep, is de-
fined as follows with respect to a reference point, in this analysis,
the reference point is the origin as shown in Fig. 5:

EP =
∑N
i=1

mighi (6)

where N= the total number of particles in the sliding body; mi and
hi= the mass and height of each particle in the body. It is worth-
while to note, the EP is also the total energy of the granular system
in the sliding body, E0, before downward movement.

The energy input due to earthquake waves acting on the bound-
aries is represented by

Ej
w = E j−1

w +
∑N
i=1

FwΔUw (7)

where Ej
w and E j−1

w = the total accumulated work done by all walls
on the assembly at the current and previous time steps; Fw= resultant
force acting on the wall; ΔUw= the applied displacement occurring
during the current time step.

(a) (b)

Fig. 10. Evolution of the interpolated: (a) average stress; and (b) solid concentration fields within the avalanche at different time stamps.
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From the law of conservation of energy, the energy balance
equation is typically

E0 + Ew(t) = Ep(t) + Estrain(t) + �Ebstrain(t) + Ek (t)

+ Ef (t) + Eμ(t) + Eβ(t) (8)

As shown in Fig. 11, before the earthquake wave propagates,
the system has only potential energy and no energy is dissipated.
As the flow develops, different types of energies (potential energy,
kinetic energy, elastic energy, and dissipated energy) inside the
granular mass evolve. When the avalanche develops with the com-
bined effect of gravity and seismic forces, the potential energy de-
creases and the kinetic energy increases due to particle movements.
The sum of the kinetic and potential energies during the avalanche
is not equal to the total energy E0 due to energy dissipation. Causes
of energy dissipation are related to base friction, granular mass con-
tact friction, and inelastic collisions. Detailed calculations of elastic
strain (Estrain) and bond strain energies (�Ebstrain), kinetic energy (Ek),
cumulative energy dissipated by friction (Eμ), and viscous damping
(Eβ) can be found in the documentation of Itasca Consulting Group
(2014).

At the initial acceleration stage, the energy dissipation rate is
found to be low. Afterward, in the high-speed runout phase, dynamic
collisions among the fragments are intensified, which results in a
sharp increase in the rate of energy dissipation before the fragmented
flow transits to the low-speed deposition phase characterized by the
gradual decreasing rate in energy dissipation. Ultimately, all the total
energy E0 is dissipated by friction (56.1%) and by collisions (43.9%).
It is worth noting that although energy dissipation by breaking bonds
is less significant in the deposition stage, particle breakage still plays
a major role in the dissipation process as it creates additional degrees
of freedom for the interparticle motion, which in turns facilitates fric-
tion dissipation. Similar conclusions have been reached by Bolton
et al. (2008) and Ma et al. (2016) for breakable granular materials.

Low fragmentation energy input in disintegrating the rock mass
has been documented by Locat et al. (2006), Crosta et al. (2007),
and Zhao et al. (2017).

In the analyses, the damage ratio (D) (Thornton et al. 1996) has
been used to quantify rock fragmentation intensity, which is de-
fined as the ratio of the number of broken bonds under the com-
bined effect of gravity and seismic forces to the total number of
bonds at initial static state. According to Fig. 12(a), it can be
seen that the damage ratio increases rapidly characterized by the
rapid cumulation of energy released by all bond breakages as the
avalanche enters the high-speed runout phase. The subsequent slid-
ing and collision of fragments in the low-speed deposition phase
leads to an additional 3% of bond breakage. From the point of
view of fragmentation energy, for the entire landsliding process,
microtension failure occurs at a higher rate in comparison with mi-
croshear failure and plays a dominant role in the initiation of slope
instability. Results show that the dissipated energy by fragmenta-
tion follows a linearly increasing trend similar to that of the damage
ratio [Fig. 12(b)].

The degree of fragmentation shown in FD provides a measure
for the damage that the material has experienced (Haug et al. 2016).

FD =
M

mmax
(9)

where M= the mass of the sample; and mmax= the mass of the
largest fragment.

A value of FD= 1 reflects a completely intact sample, while an
increasingly value reflects an increasingly fragmented avalanche
mass. In this study, FD started from a value higher than 1, because
of the existence of joint sets that influence the integrity of the ava-
lanche body.

Fig. 12(c) shows how the degree of fragmentation (FD) is related
to damage ratio (D) for the rock avalanche. According to the plots,
it is apparent that the degree of fragmentation (FD) is rarely found

Fig. 11. Energy transfers resulting from the analysis of the rock avalanche.
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to undergo a significant increase in rate until the damage ratio (D)
reaches 0.2. Then it starts an immediate increase before the damage
ratio (D) increases to 0.7, following a sharp increase to peak value
when the damage ratio (D) reaches 0.74. It indicates the development
of rock damage induces a large amount of fractures within the rock
avalanche. Consequently, fractures can nucleate and grow to com-
pletion quickly, leading to relatively small fragments, and the corre-
sponding degree of fragmentation (FD) rises immediately to a high
value. As presented in Fig. 12(d), it is interesting to note that the evo-
lution of fragment number follows a similar trend to that of the land-
slide overall velocity [see Fig. 8(a)]. This phenomenon is expected
as the landslide initiation and propagation promote the disintegration
of the jointed rock mass within the slope with an obvious increase
of medium and large fragments. Subsequently, continuous rapid
dynamic avalanching motion in response to the increased seismic in-
tensity may work to disaggregate the entire avalanche, which leads to
the coarse fragments being completely broken to fine-grained parti-
cles, inducing a continuous decrease in fragment number. In addi-
tion, these fine-grained particles play an important role in the
absorption of a large portion of the kinetic energy of incoming

fragments. Thus, the presence of shattered and disaggregated
clasts with relatively larger size can be preserved from the colli-
sion and freefall motions during the landslide propagation and
deposition [see Figs. 15(c and d)].

Lubrication Mechanism and Friction Reduction

As stated by Campbell (1989) and Cleary and Campbell (1993), for
the completely fragmented granular system, particles at the base are
intensely agitated with frequent collisions and could act as a lubri-
cating layer to reduce the overall effective friction of the fragment-
ing grain flow. The intensity of particle agitation can be quantified
by the vibrational and rotational granular temperatures (Campbell
2006) and be defined as

vix(t)
′ = vix(t) − vix(t) (10)

viy(t)
′ = viy(t) − viy(t) (11)

(a) (b)

(c) (d)

Fig. 12. (a) Changes in fragmentation energy with the time; (b) fragmentation energy versus damage ratio; (c) degree of fragmentation versus damage
ratio; and (d) number of fragments evolution.
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ωi(t)′ = ωi(t) − ωi(t) (12)

where translational velocity components vix(t), v
i
y(t) and angular ve-

locity component ωi(t) of the selected i-th particle in the selected
spherical regionΩi can be divided into the mean velocity components
vix(t), v

i
y(t), and ωi(t) and fluctuating parts vix(t)

′, viy(t)
′, and ωi(t)′.

The mean velocity components vix(t), v
i
y(t), and ωi(t) can be

attained by averaging the velocities of particles surrounding the
selected i-th particle in the selected spherical region Ωi as

vix(t) =
1

n

∑n
j=1

vjx(t) (13)

viy(t) =
1

n

∑n
j=1

vjy(t) (14)

ωi(t) =
1

n

∑n
j=1

ωj(t) (15)

(xj − xi)
2 + (yj − yi)

2 ≤ r2 (16)

where r= the radius of the selected spherical region Ωi. In this
study, the neighborhood size 2r is set to 5d50 according to the
Zhou et al. (2016).

Hence, the vibrational Ti
V (t) and rotational Ti

R(t) granular tem-
peratures representing the intensity of particle exchange analogous
to a thermodynamic temperature are calculated from the velocity
fluctuations and expressed as

Ti
V (t) =

1

2
[(vix(t)

′)2 + (viy(t)
′)2] (17)

Ti
R(t) = (ωi(t)′)2 (18)

The distributions of Ti
V (t) and Ti

R(t) are presented in Figs. 13
and 14, respectively, and demonstrate that a layer of agitated parti-
cles does exist at the slope base during the emplacement of a rock
avalanche, which can effectively reduce the landslide friction with
increased mobility. It indicates that during landslide propagation,

Fig. 13. The distribution of translational granular temperatures Ti
V (t) at different time stamps.
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extensive fluctuations of vibrational and rotational granular temper-
atures are activated in the basal layer where the intense shearing
promotes particle rearrangement characterized by vigorous particle
agitations (see t= 30 s in Figs. 13 and 14). This observation agrees
well with numerical results of Zhao and Crosta (2018), who calcu-
lated the evolution of granular temperature of an estimated 25 m
thickness of granular basal layer and demonstrated that the generated
particle vibrations are responsible for the apparent reduction of fric-
tion in long-runout landslides, though they did not show how the
granular temperatures exactly distributed within the slope mass.
It is worth noting that the lack of obvious enhancement of granular
temperatures and fluctuations around the coarse fragments reflects
that continuous fragmentation produces a thick layer of dispersed
grains near the bottom which can to some extent lubricate the land-
sliding motion but also significantly consumes a large portion of en-
ergy from the incoming large rock fragments. This indicates that the
large boulders at the surface were passively carried by the finer ma-
terial below during movement.

These observations match some of the well-documented field
data of long-runout landslides reported in Dufresne et al. (2010)
and Zhang et al. (2019). In addition, a low solid density area can
be observed at the basal shearing layer [see Fig. 10(b)], which fur-
ther demonstrates that because of frequent intensive collisions, the

overburden acting on the shearing layer can be counteracted.
Therefore, the enhanced granular temperatures allow for the occur-
rence of dilation in the basal facies characterized by the sparse solid
fraction and the increased mobility, which is consistent with the ob-
servations that the entire granular flow is levitated above the vibrat-
ing base by a layer of highly energetic particles (Lim 2010; Zhou
and Sun 2013). After the cessation of seismic shakings, the land-
slide propagates to the low-speed deposition phase, therefore the
entire granular body exhibits a gradually attenuating fluctuation in-
tensity (see t= 75 s in Figs. 13 and 14). This phenomenon accords
well with the statement that the granular temperature can dissipate
or vanish rapidly due to interparticle collisions when external en-
ergy stops (Campbell 1990).

Fragmentation and Fragment Distribution

Numerical simulations of the fragmentation process during the rock
avalanche are shown in Fig. 15 (the hue scale in the figure is log-
arithmic). As the ground shaking accelerates, bond breakages accu-
mulate gradually such that the fracture network separates the
sliding body into a large number of fragments of comparable
sizes (see Fig. 15 at t= 12.6 s). Then, as the intense seismic shak-
ings proceed, the subsequent landslide propagation and deposition

Fig. 14. The distribution of rotational granular temperatures Ti
R(t) within the avalanche at different time stamps.
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cause more damage to the slope mass leading to intensive cracking,
especially near the front and rear regions, reflected by the continuous
enlargement of fine-grained materials, shown in Figs. 15(b and c).
The final low-speed deposition phase [see Fig. 15(d)] shows that
the major part of the slope mass has been intensely disaggregated
and large boulder content is more abundant in the middle areas,
while the fine grains are predominant in distal locations. The distri-
bution pattern of large rock blocks in the final deposits agrees well
with the field observations (Hu et al. 2013) that the middle region
contains many larger boulders and blocks. In addition, it is worth not-
ing that the difference of fragmentation between Figs. 15(c and d) is
not significant; this can be explained by the fact that accumulation of
fine-grained particles reduces the collision rate between the coarser
fragments and partially inhibits the disintegration of the debris in
the avalanche (Perinotto et al. 2015).

To obtain the fragment size distribution, the characteristic frag-
ment size is defined as

d =
�������
Vf /V0

√
(19)

where Vf= the volume of a fragment (calculated as the total volume
of particles in the fragment); and V0= the volume of the rock mass
within the source area at initial static state.

The cumulative distribution of fragmented rock mass can be
fitted using a two-parameter Weibull equation. This distribution,
which is equivalent to the Rosin-Rammler distribution (Rosin
and Rammler 1933), has been successfully used in characterizing
the fragment size of spherical solid grains (Ma et al. 2018) and
rock grains (McSaveney 2002; Ma et al. 2017; Shen et al. 2017).
The two-parameter Weibull distribution can be expressed as

P = 1 − exp −
d

dc

( )ν[ ]
(20)

where dc and ν= fitting parameters. Here, ν indicates the width of
the distribution, and larger values of ν correspond to narrower
distributions.

Fig. 16(a) shows the volume-based cumulative fragment size
distributions and the corresponding fitting curves of fragmented
rock mass at progressive earthquake loading times. It can be seen
that the two-parameter Weibull equation provides a good descrip-
tion of the simulated fragment size distribution. As noted earlier,
dc can be used as an index to quantify the content of fines in the
fragmenting system (Ma et al. 2017). Therefore, a low dc value is
expected if the fragmenting system consists of a high level of
fines. The parameter ν is a measure of the spread of the fragment

(a)

(b)

(c)

(d)

Fig. 15. Changes in fragment size at different time stamps: (a) t= 12.6 s; (b) t= 30 s; (c) t= 45 s; and (d) t= 75 s.
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size distribution, where the distribution is narrower for a larger
value of ν. For fragment size distributions weighted by fragment
mass [Fig. 16(a)], the parameter dc decreases with landslide propaga-
tion (see Fig. 9). It reflects that fragment size reduction obviously
takes place in the course of downslope movement. It is consistent
with observations that the fragmented debris in the landslide deposits
is consecutively reduced in grain size along the transport path, which
has been reported in some well-documented numerical and field
studies (Perinotto et al. 2015; Zhang et al. 2016, 2019). The param-
eter ν generally increases indicating that a narrower fragment size
distribution is generated, except at the time of 30 s then decreases
from 1.809 to 1.5, resulting in a wider span of fragment regime
[Fig. 16(a)]. This exception occurs mainly due to the transition
[Fig. 16(a)] from the phase of early acceleration (t< 10 s) to the
phase of low-speed deposition (t > 45 s). This can be explained
by the fact that early stages of emplacement contribute the most
to the rock mass break-up. Relatively minor fragmentation occurs
in the weak solid structures resulting in particle size distribution
that spans a narrower range around the relatively large particles.
Subsequently, the ground shaking intensity increases, leading to
the propagation of cracks along the joint sets and the separation

of fragments. When the low-speed deposition phase is reached,
the majority of the slope mass is fragmented into fine-grained par-
ticles which causes the size distribution to be dominated by rela-
tively small grain sizes. It is found that, at all examined time
stamps, the middle part of the fragment size distribution is almost
linear within the range of 0.015 to 0.05. In addition, the distribu-
tions fluctuate at 12.6 s, indicating the presence of large unbroken
pieces, which can be corroborated by the sedimentary fabric
within the deposit as shown in Fig. 15 at t= 12.6 s.

The fragments produced by weathering, abrasion, impact, and
geological loading often satisfy a fractal condition over a wide
range of scales (Turcotte 1986). Therefore, it is necessary to exam-
ine the fractal characteristics during the entire transport phase of the
avalanche [see Fig. 16(b)].

A fractal character can be described by the power–law relation-
ship between the number and size as

N = Cd−D (21)

where N= the number of fragments with a characteristic linear di-
mension larger than d; C= a proportional constant; and D= the
fractal dimension. Then, the absolute value of D (the slope of the

(a)

(b)

Fig. 16. (a) Relationship between cumulative mass fractions and fragment sizes for increasing loading time; and (b) fractal distributions of fragment
sizes for increasing loading time.
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best-fit line on a log–log scale) is equivalent to the fractal dimen-
sion of the particle size distribution (Turcotte 1986). The higher
the value of D, the more graded the particle size distribution and
the larger the number of fine particles (Crosta et al. 2007).

Fig. 16(b) illustrates that with landslide propagation and depo-
sition, more and more fines are produced, reflected by an increase
in the value of fractal dimension,D. The larger the value of the frac-
tal dimension, the wider the range of particle size. In addition, the
fractal dimension,D, of a particle size distribution increases sharply
(up to 30 s) then slows down significantly with increased duration
of movement, which infers that the fragmentation energy during the
rapid runout movement is quite high [see Fig. 12(a)] before reach-
ing the low-speed deposition phase. This is in agreement with pre-
vious field and experimental observations (Crosta et al. 2007),
which concluded that fractal dimension initially increases sharply
before slowing down with the range of duration for rock avalanches.
It is worth noting that power law prevails in the range of small to in-
termediate size regimes of all the distributions, and a more complete

fitting is observed when the landslide has not experienced an intense
fragmentation process, as illustrated in Fig. 16(b). It is apparent that
fractal characteristics significantly change with respect to rock ava-
lanche dynamics. During the emplacement process, fractal dimen-
sion changes and particle assemblages will either be destroyed or
preserved, as illustrated in Fig. 4(c) and confirmed by the numerical
results in Fig. 15. This is also consistent with the field observations
reported by Pollet and Schneider (2004), Crosta et al. (2007),
Pedrazzini et al. (2013), Perinotto et al. (2015), and Wang et al.
(2018). At the investigated time stamps, the intermediate fractal
dimension is almost linear within nominal size that range from
0.009 to 0.03, which is justified well with the observations of
the fragment size distributions weighted by fragment mass. This
linearity indicates that the distribution of the fragment sizes has
a fractal structure.

A statistical analysis is conducted to investigate the character-
istics of fragment populations. It is apparent from Fig. 17 that the
distribution of nominal fragment sizes in each examined

(a) (b)

(c) (d)

Fig. 17. Fragment size frequency distributions with corresponding log-normal approximations for the four investigated timestamps.
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timestamps is asymmetric, being skewed toward the smaller sizes.
Such a distribution lends itself to approximation of a log-normal
distribution (Fityus et al. 2013). The cumulative distribution and
probability density functions of the log-normal distribution are
expressed by Eqs. (22) and (23), respectively:

FX (x) =
1

2
+
1

2
erf

ln (x) − μ��
2

√
σ

[ ]
(22)

fX (x) =
1

σ
���
2π

√
x
e−( ln x−μ)2/2σ2 (23)

where erf= the complementary error function; σ (the standard de-
viation)= the shape parameter which affects the general shape of
the distribution; and μ (the mean) = the location parameter that con-
trols the location on the x-axis.

As presented in Fig. 17, it is evident that most of the fragments
distribute within a nominal fragment size range (0.01≤ d≤ 0.035)
being dominant at all examined time stamps although the differ-
ences are significant. The histograms of earlier time stamps (i.e.,
at time of 12.6 and 30 s) show the largest quantity of fragments dis-
tributes around the nominal fragment size (0.015 < d≤ 0.02), being
far less frequent in comparison with other size ranges. As the
avalanche transits into the low-speed deposition phase, the already
fractured rock mass becomes further deteriorated into a number of

smaller fragments, and the peak shown in the histograms between
0.015 and 0.2 gradually disappears and the difference in the size
ranges becomes less obvious with more evenly distributed size
ranges in 0.02≤ d≤ 0.03. In addition, too coarse fragments do
not exist for low-speed deposition phase (t= 75 s), inferring a se-
vere fragmentation of the rock mass during the avalanche transport
induces a substantial reduction of clast size.

In advance of more detailed investigation on the mechanisms as-
sociated with the transport of a coseismic rock avalanche, a statis-
tical analysis was carried out to examine the shape characteristics of
the fragment populations by checking the fragment shape isotropy
(see Fig. 18). The shape isotropy can be calculated using the square
root of the ratio of the larger I1 and smaller I2 eigenvalues of the
tensor of inertia of the 2D fragment shape (Timár et al. 2010).
The tensor of inertia can be calculated as

I fragment
ij =

∑Nd

d=1

(Idij δij + mdxdi x
d
j ) (24)

where each fragment contains Nd base disks of mass md and
inertial tensor Id relative to the disk local Cartesian axis; and
δij=Kronecker delta. The vector xd is given by xdj − xfragment

j ,
where xd and x fragment= vectors describing the constituent disk
and fragment centroids, respectively.

Fig. 18.Distributions of the square root of the ratio of the larger and smaller eigenvalues of the tensor inertia of the fragment shape for checking shape
isotropy at different loading times.
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The coefficient of variations (Cv=Standard deviation/mean) of������
I1/I2

√
for the fragment shapes display significant variability in

conjunction with emplacement and deformation of the rock
avalanche in response to the ground motion. They are found to
be significantly larger (1.05) at the initial time stamp (t= 12.6 s)
and decrease from 0.99 to 0.92 during the rock movement. Finally,
the mean and standard deviation of

������
I1/I2

√
are found to be 1.3 and

0.17, respectively, with a coefficient of variation of 0.13 when the
avalanche comes to a final stop (see Fig. 18). A Cv< 1 is known as a
relatively low variation, indicating a high level of fragment shape
isotropy.

Significant deviation from the mean value of
������
I1/I2

√
is observed

at earlier timestamps, in particular at the time of t= 12.6 s and
t= 30 s. This is expected, as the ground shaking intensity increases,
bond breakages continue gradually and cut through the slope mass
to form coarse blocks. These freshly broken rock blocks have not
yet undergone textural changes such as friction abrasion, continu-
ous comminution and grinding. These textural changes are what
make the particles more mature with a high degree of rounding
and smoothness (Perinotto et al. 2015). The subsequent landslide
propagation and deposition are found to cause more damages to
the slope mass, as reflected by the gradual enlargement of damage
zones and the increase in shape isotropy. This also resulted in an
increase in the proportion of fine-grained matrix to coarse-grained
blocks with distance. Although the fragment shape isotropy is rel-
atively high at the final deposition stage, deviation from the mean
value is observed around the large grain sizes; this suggests that
both texturally immature (coarse blocks) and mature (fine particles)
deposits form the landslide deposit. The similar behavior was also
observed in other large-scale rock avalanches (e.g., Crosta et al.
2004, 2007). The reduction in variance of the distribution of
shape isotropy parameter (

������
I1/I2

√
) for the fragmented blocks can

be interpreted as a signature of the dynamic disintegration that

occurs continuously during the transport process and the presence
of significant subsequent abrasion of newly fragmented blocks (sta-
ble distribution of

������
I1/I2

√
values).

As shown in Fig. 19(a), the sizes of fractured coarse blocks within
deposition of the right stream of rock avalanche remain much larger
than that of the left stream deposition. This is in good agreement with
the sedimentary fabric found at the site. Compared with the deposits
of the left stream [see Fig. 4(c)], the field investigations demonstrate
that deposition of the right stream of the Tangjia Valley rock ava-
lanche consists of a larger quantity of coarse boulders and blocks,
as shown in Fig. 19(b), and even huge blocks up to 3 m in size
[see Fig. 19(c)] can be observed in the deposit of the right stream
whereas they are not found in the deposit of the left stream. Further-
more, the maximum diameter of the deposited boulder within the ac-
cumulation zone in the right stream is found to be 3 m, whereas the
maximum diameter found in the left stream of the rock avalanche is
found to be about 2 m. This can be explained by the fact that the left
stream detaches and moves down a steep slope, which facilitates a
higher-speed movement and fosters more rock fragmentation and
finer deposits.

Conclusion

In this study, DEM analyses that incorporate spatial interpolation
techniques and statistical analyses were performed. The results
provided new insights on the characteristics of dynamic rock frag-
mentation and the mechanisms governing the transport kinematics
of a coseismic landslide, including trajectory motion, fracture prop-
agation, the evolution of stresses, and the solid concentration.
Compared with previous analyses, the novelty is in portraying evo-
lution of granular temperature and solid fraction to identify and in-
terpret the dilative behavior associated with particle dynamic

(a)

(b) (c)

Fig. 19. Aspects of the fragmented deposits for the right stream of Tangjia avalanche: (a) discrete element numerical observation; (b) field inves-
tigation; and (c) large rock blocks observed only in deposits of the right stream.
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fragmentation. In addition, the original application of fragment
shape isotropy for highlighting the deposition of the rock avalanche
demonstrates that the fragmentation process continues throughout
the entire runout. In addition, the observed features from field in-
vestigations are used to verify the validity of the numerical
model. The major findings of this study are summarized as follows:
1. In the initiation of the landslide, earthquake load plays a pivotal

role in fracturing and fragmentation of the rock mass leading
to slope destabilization. This is reflected in the internal rock
damage that occurs and propagates gradually along the basal
failure plane.

2. During the coseismic landslide propagation and deposition, the
interpolated stress fields within the avalanche reveals a stress
concentration in the basal layer of the slope mass, where rock
fragmentation and deformation are likely to occur, inducing a
dilution of solid concentration. The evolution of solid concen-
tration within the slope mass is found to accord well with the
dilation and compaction of the dynamically fragmented flow
process. The granular body has relatively pronounced solid
concentrations as it starts with a tightly bonded contact network
before dilation occurs. This is attributed to the stretching and
thinning of the avalanche body with the slope mass transform-
ing into a fully developed fragmented flow, inducing reduction
in bulk density of the avalanche body, in particular, the basal
area and free surface, where the kinetic energy is greatly en-
hanced promoting high speed and long runout of the rock ava-
lanche. Finally, a compaction follows as the avalanche loses
momentum and gradually accumulates in the deposition area.
Lack of stress at the top of the granular body with the relatively
high solid concentration, contribute to the development of frac-
tured large boulders found in large avalanche deposits.

3. During the high-speed motion of the sliding mass after detaching
from the source area, an intensely sheared, dilute, and agitated
layer spontaneously appears at the base of the slope mass promot-
ing the occurrence of particle dynamic fragmentation in basal
layer. This can further dilate and disperse the basal facies material
allowing the solid concentration to decrease and flow mobility
to increase.

4. Characteristics of fragmentation during rock avalanches are
systematically analyzed in terms of the statistics of the fragment
size and fractal dimensions. The two-parameter Weibull equa-
tion provides an adequate description of the simulated fragment
size distributions. The variations dc and ν indicate that the oc-
currence of rock disintegration during landslide initiation and
propagation is characterized by an obvious increase of various
sizes of fragments, causing the fragment size distribution to
span a wider range first, then gradually as the slope damage
zone propagates from the failure plane to the internal slope
mass. Consequently, the entire avalanche body experiences se-
vere fragmentation, which promotes a large proportion of frag-
ments that has been broken into fine-grained particles, inducing
an increasingly narrower fragment size distribution.

5. The generated fragment shapes tend to be well isotropic during
the avalanche deposition process. The coefficient of variations
of the inertia tensor of

������
I1/I2

√
changes significantly to lower val-

ues. This reflects the textural maturation by fragmentation with
considerable shearing and continued friction abrasion during the
transport process.
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