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Abstract The three-dimensional discrete element method has been employed to analyze the dynamic
fragmentation and lubrication mechanisms of coseismic Tangjiashan landslide induced by the 2008 Ms 8.0
Wenchuan earthquake. The numerical results show that the internal rock damage occurs and propagates
gradually along the basal failure plane due to seismic shaking. At the peak seismic shaking, a sudden increase
of tensile and shear stresses can lead to the complete breakage of basal bonds. This is associated with a
sudden relief of overburden stress and rapid decrease of basal stress ratio. Thus, the slope fails as a whole and
moves quickly downslope. In this process, several large transversal cracks develop at the middle and upper
rear regions, disintegrating the slope mass into several large blocks. During landslide propagation, the
thickness of basal fragmented layer increases progressively due to intense shearing, and the basal stress ratio
reduces accordingly from 0.68 to 0.28. The reduction of landslide basal stress ratio occurs when the strong
basal resistance is overcome by seismic- and gravity-induced shear forces together with intense particle
rearrangements. It can be quantified by vibrational and rotational granular temperatures of the basal shear
layer, with the peak values of 35.2 and 11.6 m%/s?, respectively. The widespread internal slope fragmentation
and subsequent lubrication have been identified as the key mechanisms governing landslide motion,
which appear to be the intrinsic features of landslide irrespective of its triggering mechanism. The seismic
shaking is more relevant to the detachment than to the spreading of landslide mass.

1. Introduction

Coseismic landslides can be catastrophic, as they are always associated with almost instantaneous slope col-
lapse and spreading, posing significant hazards to human lives and lifeline facilities worldwide. These events
have been widely observed close to the main earthquake fault zone and on the hanging-wall side (Huang &
Li, 2009). In addition, landslides occurring near the deeply incised river valleys with steep bank slopes could
potentially create landslide dams blocking the river channel (Crosta et al., 2011; Evans et al., 2011; Xu et al,,
2013; Zhao et al,, 2017b). The subsequent breaching of landslide dams may lead to serious downstream
flooding and inundation, often with large social and economic consequences (Wu et al., 2014). These hazards
are still under vigorous research due to their significant destructive power as well as the still unexplained
initiation and propagation mechanisms of slope failure (Legros, 2002).

For many years, efforts have been devoted to study the failure of slopes and the subsequent runout
(Bowman & Take, 2015; Bowman et al., 2012; Cascini et al, 2014; Evans et al., 2009; Huang & Yuin,
2010). However, less attention has been paid to analyzing the mechanism of coseismic landslides with
complex geological and topographical settings (Jibson & Harp, 2016; Katz et al., 2014; Meunier et al.,
2007). In initiating landslide, the earthquake loading plays a pivotal role by supplying an additional kinetic
energy for slope destabilization (Hori et al., 2013; Kokusho & Ishizawa, 2007). As a result, the mountain
slopes can be shattered and collapse at high speed during seismic shakings (Huang et al, 2012). In
addition, the ground shaking can also loosen and weaken the slope materials, creating open holes and
cracks for water infiltration into the slope body (Palmer, 2017). These conditions are crucial for subsequent
catastrophic landslides occurring on the upper part of a mountain slope, where strong unloading and
weathering effects are apparent. By investigating landslides developed after the Wenchuan earthquake,
Tang et al. (2011) concluded that the seismic shaking and subsequent strong rainfalls severely disturbed
the loose debris materials on mountain slopes, prompting the reactivation of some preexisting landslides
as well as the generation of new ones.
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According to field observations, the density of the mapped landslide concentration is normally associated
with the seismic shaking magnitude (Chigira et al., 2010). The spatial distribution of landslides shows an evi-
dent concentration in areas with horizontal seismic acceleration component larger than 0.8 g (g: the gravita-
tional acceleration; Dai et al., 2011; Khazai & Sitar, 2004; Tang et al., 2011). These areas are located mainly on
the hanging-wall sides of the major seismic faults and steep river valleys (Huang & Li, 2009; Tang et al,, 2011).
Yin et al. (2009) stated that the vertical component of seismic shaking also has a great influence on the initia-
tion of landslides, in terms of slope fracturing, ejection, and fragmentation. The corresponding failure plane
of landslides can be classified into three types as concave, convex, and terraced. Fukuoka et al. (2004)
reported that even very gentle slopes can fail and travel long distances under strong seismic-induced ground
shaking. In these events, the solid materials are highly liquefiable, increasing the slope mobility significantly.
Kokusho and Ishizawa (2007) proposed an energy-based slope failure evaluation method to analyze the slope
deformation and subsequent landslide runout. They stated that even under an extremely strong earthquake,
the highly mobile slope failures can only occur when the friction angle reduces to a value near or smaller than
the slope inclination angle. This conclusion was supported by some well-devised shaking table tests of dry
sand slopes. They also suggested that the energy input by earthquake is far smaller than the potential energy
required to trigger highly mobilized landslides/rockslides.

In addition, the apparent friction coefficient (defined as the ratio of landslide fall height, H, to spreading dis-
tance, L) decreases with the increasing slope volume; that is, large landslides can always exhibit longer
spreading distances (Campbell et al., 1995; Crosta et al., 2017; De Blasio & Elverhgi, 2008; Legros, 2002).
Based on a series of 2-D discrete element analyses, Campbell et al. (1995) and Johnson and Campbell
(2017) proposed that the whole slope mass can be completely sheared during sliding and the apparent fric-
tion coefficient of landslide increases with the shear rate. As large landslides always experience very low shear
rates due to the large thickness, they manifest relatively low frictional resistance. However, limitations also
exist, as these studies only considered a very simple model configuration of completely fragmented slope
materials at the start of landslide simulations. As a result, an insightful study on the progressive fragmenta-
tion of slope mass and increase of shear zone thickness was not possible. From a series of discrete element
simulations, Johnson et al. (2016) deduced that long runout landslides occur preferentially when the normal
stress along the sliding plane is relieved due to pressure variations. This phenomenon can reasonably support
the hypothesis of landslide acoustic fluidization (Melosh, 1979). The corresponding wavelength of acoustic
vibration for long runout landslide can be effectively determined by the size of rock fragments in the slide.

Since the slope motion and deformation are closely related to the seismic shaking, it is necessary to analyze
the initiation and propagation mechanisms of coseismic landslides. In this regard, the current research has
focused on modeling the progressive slope failure under seismic loading via discrete element method
(DEM; Cundall & Strack, 1979), aiming to provide new insights into the detailed microresponses and macro-
responses of coseismic landslides. This paper is organized as follows: In section 2, the background of the
Tangjiashan landslide is given. Then, the DEM model configuration of a layered slope structure and seismic
loading conditions s illustrated in section 3. In section 4, some preliminary numerical results of the
Tangjiashan landslide modeling are provided. The capability of the DEM in analyzing the coseismic landslide
and possible mechanisms of landslide friction reduction are discussed and summarized in the last two sections.

2. Background of the Tangjiashan Landslide

The 2008 Ms 8.0 Wenchuan earthquake has triggered more than 60,000 catastrophic landslides, rockfalls, and
debris flows along the Longmenshan seismic fault zone within a 300-km-long and 10-km-wide region (Fan
etal, 2012; Gorum et al., 2011; Huang & Fan, 2013; Huang et al,, 2012). The induced landslides are commonly
discontinuous and characterized by very gentle sliding surfaces, which caused a great number of casualties,
loss of properties, and also significant changes of geo- and bio-environments. Among these landslides, the
Tangjiashan landslide is one of the largest and most dangerous one because the debris deposits formed a
giant landslide dam (~800 m long, 611 m wide, and 82 to 124 m high, with volume of approximately
2.04 x 107 m?) in the upstream section of the Jian River (Xu et al,, 2009). This landslide occurred during the
major seismic shaking, and it moved atop of the fragmented bedrock, scouring the bank of Jian River for
nearly 2,400 m (Yin et al., 2009; see Figure 1). As the landslide occurred within a very short time period, the
failed slope mass went through mainly translational and partially rotational movements along the failure

ZHAO AND CROSTA

9915



~1
AGU

100

ADVANCING EARTH
'AND SPACE SCiENCE

Journal of Geophysical Research: Solid Earth 10.1029/2018JB016378

(a)

o]

.| Beichuan
Qingpings "\ Mianyang

Che.ngdu X

150 km

Figure 1. (a) Map of Sichuan province and the location of Tangjiashan landslide; (b) aerial view of the Tangjiashan landslide dam (A-A’ is the cross section studied in
this paper). 2 in (a) is the Qingping seismic station.

plane. The landslide dam, as described by Xu et al. (2009), in a first approximation, consists of mainly three
layers of grayish black siltstone of the Qingping Formation of Cambrian age, with a slight increase in grain
size with depth. They can be identified as the heavily fragmented rocks with soil in the top layer, the
boulders and blocks in the middle layer, and the nondisintegrated rock masses in the bottom layer. The
estimated initial slope profile, layered stratigraphic structure, and the final deposit characteristics are
illustrated in Figure 2, with a slope inclination angle (6;) of 45°.

Chang and Zhang (2010) examined the particle size distribution (PSD) of the Tangjiashan landslide dam at
different depths. As shown in Figure 3, a large amount of fine materials was found at the surface of landslide
dam, with grain size ranging from 0.001 to 50 mm. The medium-sized debris materials were located in the
region of depth 10 to 40 m, with grain size ranging from 0.01 to 200 mm. The large particles and blocks were
found at depth beyond 40 m with grain size ranging widely from 1 to 1,500 mm. This is a peculiar deposition
pattern with respect to commonly observed rockslide-avalanches, but it could result from the limited runout
with respect to other more mobile rock avalanches. Unfortunately, the seismic accelerations were not
recorded at the Beichuan seismic station, due to the equipment failure. The nearest seismic station in
Qingping county is 46 km away (see Figure 1). Thus, the seismic acceleration records at this station are used

asl A A
(m)
1200

Top layer: fragmented rocks with soil
I Middle layer: boulders and blocks
Bottom layer: weakly weathered bedrock
Grayish black gravel and fine sand

1000

Intact bedrock

800

laminated and medium layered
siltstone of Cambrian system

0 200 400 600 800 1000 1200 (m)

Figure 2. Cross section of the Tangjiashan landslide and landslide dam. The layered lithologic structure is estimated
according to Xu et al. (2009). The seismic excitations are assumed to be applied at the bottom bedrock along a horizon-
tal dashed line in the DEM simulations. a.s.I = above the sea level.
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10a as the representative seismic loading wave data for analyzing the
Tangjiashan landslide. According to the recorded ground accelerations,
80 - the ground velocity and displacement have been obtained by integra-
< tions, baseline corrections, and band-pass filtering (Butterworth type, with
f‘_&,’ cutoff frequency in the range of [0.2, 20] Hz; Chang & Taboada, 2009) via
.g’ 60 |- the software SeismoSignal (Seismosoft, 2017), as shown in Figure 4. The
i recorded seismic wave data show that the strong seismic shaking occurred
g 40 at 15-30 s after the record starting time (20 s after the earthquake initia-
= tion). The calculated ground displacements are employed in the discrete

element simulations as base excitations.
20+
4 3. DEM Model Configurations

0001 001 "0 160 - 10'00 In the current study, the open-source DEM code ESyS-Particle (Abe et al.,

Particle size (mm)

2004; Zhao et al,, 2015) has been employed to run simulations presented
herein. The basic DEM theory and rigorous calibrations can be found in

Figure 3. Particle size distribution of the Tangjiashan landslide dam at differ- ~ Zhao et al. (2017a) and will not be repeated herein. In short, the brittle rock
ent depths below the deposit surface (data from Chang and Zhang, 2010).  mass is simulated as an assembly of particles cemented together via the

so-called parallel bond model (Jiang et al, 2015; Potyondy & Cundall,
2004). The motion of each single particle is governed by the Newton's second law of motion, and the contacts
between particles can be calculated by the well-defined linear elastic spring-dashpot model. The input para-
meters of the DEM model are listed in Table 1.

In the parallel bond model, a 3-D formulation of bond breakage constitutive law has been employed to deter-
mine whether an interparticle bond breaks, as

F F M M
\bn|+|bs|+\b\+|t|

21, M
F bnMax F bsMax M bMax M tMax

where Fp,, and F are the normal and shear bonding forces; M, and M, are the bending and twisting torques;
and Fpniaxe Fosmaxe Mbmaxe and Myyax are the threshold values of normal, shear, bending, and twisting bonding
strengths of a specific bond, respectively.

According to the layered lithologic structure of the final landslide deposit reported in Xu et al. (2009), the
initial slope mass is assumed to be composed of three layers aligning approximately parallel to the slope fail-
ure plane in the DEM model (see Figure 2, layers |, Il, and lll). To generate the slope model by DEM, Zhao et al.
(2016) has proposed a simple and efficient hopper discharge technique, by which the spherical particles are
allowed to fill up a slope domain of complex geometry. This method has been adopted in the current study
for generating the three-layer structure of Tangjiashan slope. The DEM simulations employ the plane strain
boundary condition in which the out-of-plane model is 20 m wide and confined by free slip rigid boundary
walls. In this framework, a number of spherical particles are used to fill up this unit slope domain, which can
be regarded as one fraction of the real Tangjiashan slope. Ideally, the PSD used in the numerical model
should match the PSD curves in Figure 3. However, the use of very fine particles in discrete element simula-
tions would lead to extremely high computational cost by an enormous number of particles generated in the
numerical model and very small iteration time steps. To overcome this numerical limitation, the particle sizes
used in the DEM model have been tuned to fit the model configuration, reaching a good level of representa-
tiveness and at the same time optimizing the computational effort. Thus, the particle radii of three different
slope layers (i.e., from the bottom up, layers |, I, and Ill) are set uniformly within the ranges of [1,500, 2,000],
[1,000, 1,500], and [800, 1,000] mm, respectively. The number of particles in each layer is 15,787, 34,911, and
46,712 respectively. The granular assembly is bonded together with assigned bonding strength (c) and
Young’s modulus (£,) to form the initially intact slope. For these large particles with sizes comparable to real
rock mass blocks (~1.6-4 m), the interparticle cementation (i.e., bonds in DEM) could effectively represent the
rock bridges between adjacent blocks/particles, contributing some cohesion to the rock mass. The landslide
failure plane is represented by a collection of triangular meshes, onto which a layer of uniformly graded
grains (r = 1,500-2,000 mm) is glued to mimic a nonerodible and rough base (Jing et al., 2016; Utili
et al, 2015).
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Figure 4. Seismic wave records from the Qingping Station (after the baseline correction; see Figure 1 for location). (a) The

ground accelerations in EW, NS, and UD directions; (b) the calculated ground displacements in EW, NS, and UD

directions. Data are provided by the China Strong Motion Network Center (http://data.earthquake.cn/index.html). The

record starts at 14:28:24, GMT +8, 12 May 2008.

Table 1
Input Parameters of Coseismic Landslide Modeling by DEM

DEM parameters Value

DEM parameters Value
Particle radius, r (m) 0.8-2 Bonding strength, ¢ (MPa) Layer | 10
Particle density, p (kg/m3) 2,650 Layer Il 5
Particle Young's modulus, E (GPa) 5 Layer Ill 3.3
Particle Poisson ratio, v 0.25 Bonding Young’s modulus, E;, (GPa) Layer | 3
Particle viscous damping coefficient, 4 0.01 Layer Il 1.5
Basal viscous damping coefficient, 5, 0.05 Layer Ill 1
Particle friction angle, 6, (degree) 30 Gravitational acceleration, g (m/sz) 9.81
Basal slope friction angle, 6, (degree) 30 DEM time step, At (s) 107

Note. DEM = discrete element method.
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Due to the lack of detailed information of material properties, practical estimations of rock strength and bulk
Young’s modulus have been performed for the studied slope (mainly sandstone) based on the suggested
values in Goodman (1989) and Hoek and Brown (1997), as shown in Table 1. In particular, the particle
Young's modulus and Poisson’s ratio are 5 GPa and 0.25, respectively. According to the field observations,
the slope consists of mainly weathered sandstones, and their weathering intensity decreases with depth
(Xu et al., 2009). Thus, in the current analyses, we have assigned the rock mass properties (e.g., bonding
strength and Young's modulus) increasing with depth from the surface (layer lll) to the inner rock mass (layers
Il and |; see Table 1). In fact, the bonding cohesion between rock blocks can vary widely depending on the
slope weathering intensity. Here the bonding cohesion is firstly set as 10 MPa to particles in layer | for a pre-
liminary investigation, while a systematic parametric study on this parameter will be given in section 4.5. In
addition, the viscous damping force (proportional to the relative velocity of particles in contact) has been
employed at contacts to replicate the energy dissipation by particle asperities being sheared off and the plas-
tic deformations of the contacting particles occurring in the vicinity of the contact points. The damping coef-
ficient of granular particles within the rock mass is 0.01, and 0.05 for particles along the failure plane. The high
viscous damping at the base could effectively mimic the absorbing boundary condition for the seismic wave
transmission and reflection at the slope base (McNamara, 2013).

In numerical simulations, the seismic-induced ground displacements are applied along the base of the model
(see the horizontal dashed line in Figure 2). It is worth noting that the landslide profile direction is N20°W (see
Figure 1), which should be considered for calculating the resultant seismic shaking in the slide direction start-
ing from the EW and NS seismic components. The vertical displacement is set as the UD component of seis-
mic motion, while the lateral seismic shaking of the numerical model is ignored due to the imposed plane
strain boundary condition. In addition, the slope shaking is not synchronized along the failure plane due
to different elevations. In the analyses, the seismic wave is assumed to travel from the bedrock upwards into
the slope mass. The nodes of the predefined failure plane mesh start to move only when the seismic shaking
wave reaches their elevation. As stated by Li et al. (2011), relatively low P wave velocities near the ground sur-
face were found in this area of the Longmenshan fault range consisting of mainly Quaternary deposits (Wu
et al, 2009). Thus, the traveling velocity of P wave in this region is estimated as 2,000 m/s (v,,). For simplicity,
we assume that the slope mass consists of an assembly of elastic and isotropic rigid particles, such that the
seismic waves can propagate at a constant velocity, vy, within the bedrock and the slope. In this study, all
numerical simulations were run on standard desktop computers (Intel® Core™ i7 CPU, 4.00 GHz x 8, and
16 GB RAM) for a total of around 112 hr in each run.

4, Results of Tangjiashan Landslide Modeling
4.1. Dynamics of Landslide Motion

Using the DEM model, simulations of the coseismic Tangjiashan landslide have been performed, as shown in
Figure 5 (also see the animation in the supporting information). According to the figure, the slope failure
occurs at about 16 s since seismic shaking record begins when a transversal tension crack occurs at the upper
rear section of the slope (see the tail crack in Figure 5b). In the meantime, the ground seismic shaking accel-
erations in three directions all approach very large values (see Figure 4). After failure, the bulk slope mass
moves as a whole along the sliding plane. From 16 to 20 s, there is an abrupt change of ground motion
(see the seismic acceleration vectors and the EW and UD displacement components in Figure 4b), such that
high shear stresses would localize at the base. As a result, cracks develop and grow to completion quickly
along the basal failure plane, which facilitate the subsequent downslope acceleration of landslide. During
the sliding process, the solid materials are translated and partially rotated along the failure plane, as shown
in snapshots at successive time steps. At the early stage (e.g., Figure 5c at 17 s), some cracks occur in the tail
region of the slope due to strong downward pulling forces (tensile stresses) exerted by the lower slope mass.
The detached fragments in layer lll are partially incorporated into and bulldoze the moving substrate layer I,
creating several ridges in the final deposit (see blue arrows in Figures 5f-5i). In the valley bottom, the slope
inclination changes at several locations, such that the tensile stress would increase suddenly when the slope
mass moves across these areas. The resultant fragmented portions can be observed clearly on Figures 5f-5i
(the regions delimited by red dashed curves) within the moving slope mass (see also the internal transversal
damage zones in Figure 9). The bottom layer is wrapped by the middle layer in the frontal region, resulting in
a relatively short spreading distance. The granular deposit profile changes little after 50 s, and only few
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Figure 5. Snapshots of Tangjiashan landslide modeling at time (a) 0's, (b) 16 s, (c) 175, (d) 205, (e) 255, (f) 30's, (g) 35 5, (h) 40 s and (i) 50 s. The inset plot in (c) shows
the details of cracks developed at the landslide initiation stage. The ground seismic acceleration is plotted as a vector on each snapshot. In (i), the runout distance and
deposit inclination angle of the landslide are labeled as L and 0, respectively. Ls is measured from the initial slope toe to the final deposit front. The red arrows
point to the major cracks; the white arrows indicate the internal layer intrusion direction; the blue arrows and dashed red ellipses delimit the large slope decollement
zones; the blue dashed ellipse in (e) delimits the detached slope tails.

surface clasts continue moving near the tail surface. The total landslide duration time (50 s) matches that
reported in Xu et al. (2009) for the real Tangjiashan landslide. The final runout distance (Ls in Figure 5i)
measured in the numerical simulation is 310 m, which is slightly shorter than that reported in Xu et al.
(2009), 344 m. In addition, the inclination angle of final debris deposit (8 ~ 22°) is slightly larger than the
real one (20.5°, measured in the middle of the deposit, in Xu et al., 2009). The gross stratigraphic relations
are preserved during the emplacement apart from the frontal region where a reversal is partially observed
for the occurrence of a sort of recirculating movement of the fragmented particles from the upper layer
toward the front and below it (see the inset plot in Figure 5e). The motion and the recycling below the
front can also be partially controlled by the local geometry at the valley bottom. This phenomenon of
stratigraphy preservation has also been reported in some well-documented numerical and field examples
(Campbell et al., 1995; Strom, 1999).

The evolution of landslide propagation velocity has been analyzed in terms of the mean velocities of the
whole slope mass and the landslide frontal region, as shown in Figures 6a and 6b. Here the landslide frontal
region is defined as the slope toe of width 2.5 m along the sliding direction, which consists of 54 particles.
According to Figure 63, it can be seen that before failure, the mean slope velocity fluctuates slightly, as con-
trolled by the ground seismic motion (see Figure 4). The slope fails at 14 s (tp), and it starts to move down-
slope. From 14 to 25 s, both the vertical and horizontal velocity components increase approximately
linearly with time, reaching the peak values of 13 and 20 m/s, respectively, after a short period of time (at
23.2 s for v, s and 26.5 s for v, ). These peak velocities occur when the slope mass reaches the bottom
and starts to collide onto the opposite bank of the valley. During this period of time, the ground shakes inten-
sely, especially in the vertical directions. The subsequent landslide deposition leads to gradual decrease of
vy s and v,,_;, and they finally become zero after 50 s. Figure 6b shows that the velocity components of the
sliding front fluctuate intensely during the landslide propagation and deposition. After t,, as the landslide
moves toward the bottom and subsequently moves upward onto the other bank, the vertical velocity com-
ponent (v, g firstly increases slightly to the positive peak value of 3.8 m/s at 18.3 s and then decreases quickly
to the negative peak value of —5.85 m/s at 24.1 s. Here the negative vertical velocity indicates that the land-
slide frontal region moves upwards. When v,, r=0 m/s at around 20.1 s, the horizontal velocity component of
the landslide front (v, g reaches the peak value of 16.5 m/s. The subsequent landslide motion and collisions
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Figure 6. Evolution of landslide propagation velocity. (a) The vertical (v, s) and horizontal (v;,_;) velocity components of the
whole slope mass; (b) the vertical (v, # and horizontal (vj,_y) velocity components of the landslide frontal region. The
velocity components along the sliding direction (A’-A) and vertically downward are denoted positive. ty denotes the time
of slope failure.

cause several apparent fluctuations of slope frontal velocities, which might result from the influence of
intense slope-ground interactions, together with the ground seismic shaking.

4.2, Evolution of Slope Force Chains

The evolution of slope internal structure can be illustrated by a series of force chains plotted as a network of
straight lines connecting the particle centers, with the thickness proportional to the magnitude of particle
interaction forces (e.g., the normal and tangential interparticle contacting and bonding forces). The distribu-
tion of force chains reflects the magnitude and orientation of major principal stresses. In the analyses, differ-
ent types of interaction forces have been plotted in distinctive colors, as shown in Figure 7 (the normal
compression and tension bonding forces are colored blue and red; the normal and shear contact forces
are in black and green, respectively). To better present the results, some blue dashed lines are used to show

(b)16's

(d)20's

a\ 7 a~

Figure 7. Distribution and evolution of force chains within the slope mass at time (a) 0's, (b) 16's, (c) 175, (d) 205, (€) 22.5 5, (f) 25 s, (g) 305, (h) 35 s and (i) 50 s. The blue
and red lines represent the normal compression and tension bonding forces; the black and green lines represent the normal and shear contact forces. The thickness
of contact force chains is scaled down by a factor of 0.2, so that both bonding and contact force chains can be illustrated clearly on the same plot. Red dashed
lines show the orientations of major force chains; blue dashed lines indicate the major cracks developed within the slope. The ground seismic acceleration is plotted
as a vector on each figure. The scale of a is given in Figure 4a at the corresponding time.
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cracks developed within the slope mass. According to the figure, it can be
observed that before slope failure (Figure 7a), the force chains distribute
loosely within the slope mass, and the force magnitude increases with
depth due to gravitational compression. At relatively small ground shaking
displacements, the major force chains are parallel to each other in a sub-
vertical direction. These pillar-like strong force chains are surrounded by
many weak force chains, forming a relatively stable slope structure. The
distribution pattern of force chains can lead to strong internal resistance
to landslide motion. As the ground shaking accelerates, intense shear
stresses occur within the slope (see the green force chains), especially near
the failure plane. The basal particle bonding forces disappear (i.e. bond
breakage) when the seismic shaking-induced shear force exceeds the

Ground displacement, s (m)

bonding strength. In addition, some preexisting weak force chains can also

Time (s) break due to intense shearing and ground seismic shaking-induced transi-

Figure 8. Evolution of rock damage in each slope layer and ground seismic
shaking. sa-a’ represents the ground horizontal displacement along the

ent local dilation. Then, the shear stresses are shifted to the neighboring
bonds. Thus, the thickness of force chains increases suddenly at several

sliding direction, while syp represents the vertical displacement. D is the locations, as indicated by the red arrows on Figure 7b. In addition, the incli-
overall slope damage, while D;, Dy, and Dy represent the rock damage in the  nation angle of major force chains increases to almost perpendicular to the

slope layers |, II, and lIl, respectively.

failure plane as the ground shaking proceeds (to the left, see the ground

acceleration vector in Figure 7b), while it decreases as the ground moves
backward (to the right, see Figure 7c). As the slope damage zone propagates gradually from the failure plane
to the internal slope mass (see Figure 9), the whole slope mass is under a complete shearing state
(see Figures 7g-7i).

The numerical result indicates that the pillar-like force chain structure is inherently sensitive to random direc-
tional forces (Hori et al., 2013). As stated in Johnson et al. (2016), the breakage of highly stressed force chains
(at contacts) can cause a sudden drop of normal forces that generates elastic stress waves transmitting to the
surrounding granular pack at a wavelength on the order of grain size. The wave energy is approximately close
to the elastic energy initially stored at contacts. Then, the generated wave can be superposed with similar
elastic waves, while traveling within the granular system. Thus, the highly energetic elastic wave can break
more distant contacts and bonds into the slope mass. As more basal contacts and bonds continue to be bro-
ken up, the small cracks can nucleate and grow to completion quickly. According to Figure 7, after 17 s, a layer
of interconnected shear contact force chains (i.e., the green lines) appears beneath the slope, showing that a
completely fragmented debris layer has been developed. The fine fragments in this layer (e.g., fragmented
and rounded particles) can significantly reduce the basal friction, increasing the overall mobility of the land-
slide. At 22.5 s, the detached slope mass collides onto the valley bottom and starts to move across a subcir-
cular terrain at a high speed. Thus, high normal contact forces would concentrate at the slope toe region,
together with the generation of high moment near the slope base. The high moment would lead to high ten-
sile forces in the middle bottom region of the intact rock (see the red bonding force chains) and high com-
pression forces at the middle slope surface. The localized high compressive and tensile forces at both
locations can lead to the generation of new transversal cracks within the slope (see the blue dashed lines
in Figures 7c-7e). The subsequent landslide propagation creates more internal damage, and the slope mass
is gradually disintegrated into a large number of fine fragments. The final debris deposition is shown in plot
Figure 7i with the major force chains being the normal and shear contact forces distributed vertically and par-
allelly to the slope inclination, respectively.

4.3. Evolution of Internal Slope Damage

A quantitative analysis of rock fragmentation during slope failure has been performed by plotting the evolu-
tion of internal rock damage ratio (D) over time in Figure 8. The rock damage ratio is defined as the percen-
tage of broken bonds occurring during the landslide over the initial number of bonds in the intact slope mass.
As stated by Zhao et al. (2017a), the evolution of D can effectively characterize the progressive damage of
rock mass. In the analyses, the ground shaking displacements in the vertical (syp) and the sliding direction
(54.47) are also plotted in Figure 8 to illustrate the coseismic slope damage. According to Figure 8, it can be
seen that the slope mass remains intact before 14 s (ty) because of the very small intensity of seismic shaking.
Between t, to t; (35.5 s), the ground shaking intensity increases abruptly, particularly in the sliding direction.
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Figure 9. Distribution of accumulative slope damage during the landslide at time (a) 0's, (b) 145, (c) 165, (d) 20’5, (€) 22,55, (f) 25 5, (g) 30’5, (h) 35 s and (i) 50 s. Red
arrows indicate the major cracks and concentrated damage zones. The percentages of internal rock damage are also labeled on each plot. D is the overall slope
damage, while D;, Dy, and Dy represent the rock damage in the slope layers |, ll, and Ill, respectively. The ground seismic acceleration (a) is plotted as a vector on each
figure. The scale of a is given in Figure 4a at the corresponding time.

Thus, the percentage of slope damage increases very quickly with time, following approximately a linear
relationship, until it reaches a relatively large value at t;. The subsequent sliding and impacting of
fragmented rock blocks onto the valley floor during the landslide deposition can lead to further increase
of D. In this process, layer | suffers the highest damage among the three layers due to the intense shearing
with the bedrock. Layer lIl also exhibits relatively high damage at the deposition stage, mainly because of
its low strength and high compression loading near the ground surface. Layer Il shows the smallest final
rock damage, being constrained by the upper and bottom layers. The final stable peak values of D, D;, Dy,
and Dy are 82.6%, 95.4%, 77.8%, and 81.8%, respectively.

The distribution of accumulative slope damage can be visualized by plotting red dots within the slope profile
at locations where interparticle bonds break, as illustrated in Figure 9. According to the figure, it is clear that
at 14 s, the slope mass remains almost intact and only very few bond breakages occur near the failure plane.
Then, as the ground shaking intensity increases, bond breakages accumulate gradually to form a connected
fragmented granular layer beneath the slope mass (see Figure 9c¢), which facilitates the subsequent landslide
propagation. In addition, several transversal cracks can be observed at the bottom and upper rear regions of
the slope, as indicated by red arrows in Figure 9c. The locations of these major cracks are the same as those
identified in Figure 7. The subsequent landslide propagation and deposition cause more damages to the
slope mass, especially near the sliding front and rear regions, as reflected by the gradual enlargement of
damage zones. The sliding front experiences intense interactions with the bedrock as the landslide collides
onto the other bank of the valley, while the middle slope suffers strong compressions from the lower and
upper slope regions. The upper rear region mainly contains some more superficial materials with a very weak
rock structure prone to disintegration during motion. During the deposition stage in Figures 9g-9i, the trans-
versal cracks grow to completion, together with the gradual increase of their thickness due to intense com-
pression and shearing. In the middle region, the transversal damage zones also correspond to the slope
decollement areas (see Figure 5). The final debris deposition in Figure 9i shows that the major part of the
slope mass has been intensely fragmented and only several large rock blocks are wrapped by these fine frag-
ments. The distribution pattern of large rock blocks in the final debris deposits can match well the field obser-
vations (Xu et al., 2009) that the middle layer contains many large boulders and blocks.

4.4. Reduction of Basal Stress Ratio

As stated by Campbell et al. (1995) and Johnson et al. (2016), some large and long runout landslides usually
exhibit extremely low frictional resistance. The apparent landslide mobility can be effectively explained by
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In the analyses, a5 and o, are measured at the base of slope toe (see the

20 inset plot in Figure 10). The measured region is defined as a 30-m-long

. and 20-m-wide area, in which the total shear and normal forces acting

1 L 0 on the basal bedrock are recorded during the simulation. Then, the corre-
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Figure 10. Variations of basal stress ratio and basal rock damage during
landslide. The red line shows the general trend of basal stress ratio varia-

should be noted that at static state, the definition of # only reflects how
shear stress correlates with the normal stress, while at and after failure, #
coincides with the definition of the coefficient of landslide friction (u)

tion. The data points were obtained from the simulations at every 0.1 s. according to the Coulomb’s law of friction. In addition, the basal rock

damage (Dy,) is defined as the percentage of broken bonds to the initial
total number of bonds for particles located at the slope basal layer with a thickness of around 25 m (i.e,,
the estimated thickness of basal shear zone; see the gray layer of the inset plot in Figure 10.). Here the defini-
tion of slope basal layer ignores the detached fragmented tail region because it has little influence on the
variation of stresses at the landslide base.

Figure 10 illustrates the variation of 5 over time during the landslide simulation. According to the figure, it can
be seen that from 0 to 12.5 s, 5 fluctuates slightly around a constant value of 0.68 due to seismic shaking.
Then, it fluctuates abruptly from 0.31 to 2.95 during a short period of time near t, = 14 s before the slope fail-
ure. During the subsequent landslide propagation, the particle force chains form and break intermittently
within the shear zone (see Figure 7), resulting in continuous fluctuation of basal stress ratio. The negative
values of 7 occurring at 18 s are due to the change of shear stress direction as a result of sudden change
of seismic shaking direction (see Figure 4b). It should be noted that before t,, both the percentage of basal
rock damage (D, = 0.1%) and slope deformation are negligibly small, which has little influence on 7. Thus,
the variation of 7 should only be attributed to the seismic shaking. Since the brittle rock mass cannot resist
high tensile and shear stresses, the slope starts to break quickly after 5 reaches the peak value. After t,, the
failed slope mass accelerates to slide toward the valley bottom (see Figure 6), together with intense basal
rock fragmentation. In this process, the fluctuation of # still exists but with tuned magnitudes, and D,
increases quickly to the peak value of 87.5% at 25 s.

The general trend of stress ratio variation (the red curve in Figure 10) indicates that during landslide motion
(i.e., initiation, propagation, and deposition), the value of 7 (or ) has been reduced significantly from 0.68 to
0.28. After t; = 35.5 s, 7 remains a relatively small value (~0.28), because the debris mass has arrived at a stable
deposition state and the initial pillar-like force chain network (see Figure 7) has been disintegrated comple-
tely. The obtained numerical results can match well the conclusions reached in De Blasio and Elverhgi (2008)
that the effective friction at the base changes radically during sliding and the constant friction in Coulomb
frictional law can no longer be used. In this process, the sliding occurs suddenly when the overburden stress
is relieved by the variation of basal normal and shear stresses (or the apparent basal friction). As stated in
Chialvo et al. (2012), during shear loading, the stress ratio of a granular assembly increases with the inertial

number (I = yd/+/p/p), following a relationship as below:

a

—_— 3
(lo/1y" + 1 <

n(l) = ng(u) +

where 74(u) is the yield stress ratio determined by the interparticle friction coefficient; Iy, a;, and ; are para-
meters governing the transition of granular rheology from quasi-static to inertial flow regime; y is the shear
rate; d is the particle diameter; and p is the confining pressure. The definition of inertial number shows the
relative importance of shear deformation and particle rearrangement.
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Figure 11. Evolution of (a) the vibrational (T,) and rotational (T,) granular temperatures and (b) the mean positive (v,,p) and
negative (v,p,) vibrational velocities normal to the slope.

The numerical results in our study show clearly that the basal stress ratio has been reduced significantly,
which should be resulted from a corresponding decrease of granular inertial number. Thus, the effect of
particle rearrangement should be dominant during landslide shearing. A possible explanation of particle
rearrangement can be the combined effect of particle vibration and rotation within the basal slope shear
zone. These two processes can lead to a highly agitated granular system (Campbell, 1989) and thus reduce
the apparent landslide friction. In this study, the vibrational (T,) and rotational (T,) granular temperatures
have been employed to quantify the intensity of particle agitation. Here the definition is given after
Campbell (1990) as

T ={(a = (va))*), @
T, = <(a) _ <w>)2>, 5)

where v, is the translational velocity component normal to the failure plane and w is the particle angular velo-
city (see the inset plot in Figure 11a). The angular bracket denotes the ensemble average over all particles
located in the basal shear layer. As stated by Iverson (1997), the granular temperature represents a process
of energy transformation from the particle translational to vibrational energy. The vibrational energy arises
when the highly stressed particle contact and bonding force chains break, emitting elastic waves into the
granular assembly at wavelengths on the order of particle size (Johnson et al., 2016). Consequently, the gen-
erated particle vibrations can effectively facilitate the rapid motion of landslide with increased mobility
(Collins & Melosh, 2003). The particle rotation occurs due to continuous shear contacts in the basal fragmen-
ted layer.

Figure 11a illustrates the evolution of granular temperature for the basal shear layer of 25-m thickness. It can
be seen that after slope failure (ty), both rotational and vibrational granular temperatures increase immedi-
ately with time. There is a quick increase of both temperatures between 20 and 25 s due to landslide accel-
eration. T, and T, reach the peak values of 35.2 and 11.6 m?/s?, respectively, at around 25 s. Then, they both
decrease gradually to nil when the bulk landslide mass ceases motion after 40 s. As stated by Campbell
(1990), the dissipation of granular temperature is mainly due to interparticle collisions, and it can be very
quick when external energy input (e.g., gravity work) stops. The evolution pattern of T, and T, indicates that
a layer of agitated particles does exist at the slope base during landslide propagation, which can effectively
reduce the landslide friction with increased mobility. Figure 11b illustrates the corresponding evolution of
mean positive (v,,) and negative (v,,,) vibrational velocity components of particles with respect to the failure
plane in the basal layer. Here the positive and negative velocities represent particle movements away from
and toward the slope, respectively. It can be seen that both positive and negative particle velocities fluctuate
slightly when the slope is close to fail. Then, both velocity components increase gradually with increased fluc-
tuation intensities due to intense ground seismic shaking. v,,, and v,, reach the peak values of 3.6 and
—0.99 m/s at 28 and 19.3 s, respectively. In this process, the high shearing stress together with the seismic
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Figure 12. Distribution of slope internal damage in the final landslide deposits for tests with various particle bonding strengths. The plot series a1-a5 illustrate the
results of seismic induced landslides, while b1-b5 illustrate the results of gravity driven landslides.
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shaking at the base can break the pillar-like strong force chain networks, generating a layer of dispersed
particles. The general trend shows that the magnitude of v,,, is much larger than that of v,,, meaning that
during landslide propagation, particles in the basal shear layer tend to move away from the failure plane.
This phenomenon illustrates clearly that during shearing, the initial closely packed, and interlocked
particles would expand to create a dilative granular layer, reducing the overall particle interactions. As a
result, the granular inertial number, slope shear strength, and bulk shear modulus will decrease
significantly (Lambe & Whitman, 1969). Finally, the resulting vibration and rotation of particles will lead to
a significant reduction of basal slope friction. The observed numerical results support well the hypothesis
that vigorous agitation of grains exists at the base of the failing mass due to high shear rate, such that the
landslide can spread with high mobility (Davies, 1982).

4.5. Influence of Particle Bonding Strength

As discussed in section 3, a set of rock properties has been employed in a preliminary numerical investigation
of the coseismic Tangjiashan landslide. The obtained numerical results reveal the dynamic fragmentation and
friction reduction of landslide during its propagation and deposition. To generalize this research, a systematic
parametric study on the influence of bonding strength (c) on slope damage, basal stress ratio, landslide mobi-
lity, and granular temperature has also been performed. In testing the influence of bonding strength, the
basal friction angle is fixed as 30°, while the bonding strength of particles in layer | (c) varies from 10 to
40 MPa. The reduced bonding strengths of ¢,/2 and ¢//3 are assigned to particles in layers Il and Ill, respec-
tively, to consider the increased weathering intensity of upper slope layers. In addition, the same DEM model
with unbonded slope base (i.e., the basal bonds between particles in layer | and the bedrock were deleted at
the beginning of simulations) has been employed to simulate the slope failure driven by gravity force alone.
In these tests, no seismic shaking was applied.

Figure 12 compares the distribution of final slope damage for tests on rock slopes with various strengths. It
can be seen that for all tests the slope source stratigraphy can be well preserved and several large cracks and
concentrated damage zones exist within the deposits. For the weak rock (c = 10 MPa), the slope mass was
heavily fragmented (D > 80%), particularly at the front and tail regions, such that the final deposition exhibits
a relatively flat surface. The characteristics of complete slope fragmentation and a thick loose debris deposi-
tion layer at the tail of a weak rock slope can match some well-documented field observations (Chang &
Zhang, 2010). For different tests, the percentage of overall rock damage decreases, while the deposit inclina-
tion angle increases with the particle bonding strength. For any specific particle bonding strength, the
seismic-induced (Figures 12a1-12a5) and gravity-driven (Figures 12b1-12b5) landslides exhibit similar slope
damage distribution pattern, indicating that fragmentation is an intrinsic property of landslide, irrespective of
how it was triggered. The gravity-driven landslides experienced concentrated fragmentation at the slope
base and middle portion, resulting in a thick fragmented basal layer and many transversal tension cracks
(Figures 12b1-12b5). Thus, the overall slope damage in gravity-driven landslides is slightly larger than in
seismic-induced landslides (Figures 12a1-12a5) because the slope mass suffers continuously strong basal
shear stresses, while for seismic induced landslides, the shear stresses can be partly relieved by ground shak-
ing. Figures 12a1 and 12a2 show a more intense fragmentation at the surface near the slope tail region than
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Figure 13. Evolution of basal stress ratio (1) for tests of various particle bonding strength (c). (a) The seismic induced land-
slides; (b) the gravity driven landslides. The general trend of basal stress ratio evolution is represented by thick black curves.
The data points were obtained from the simulations at every 0.1 s.

the corresponding gravity driven cases. These damages near the tail surface result mainly from the initial
seismic-induced tension cracks and subsequent collision of the detached tail blocks.

Figure 13 summarizes the evolution of basal stress ratio () for tests of various interparticle bonding strength
and triggering mechanisms (i.e., Figure 13a seismic-induced and Figure 13b gravity-driven landslides). As
shown in Figure 13a, the fluctuation pattern of # remains similar (as represented by the thick black curve)
for all seismic-induced landslides, which can be classified into four stages (A-D). In stage A (t < 12.5 s), 77
remains almost constant because the seismic shaking intensity is still very low and the slope remains static.
In stage B (12.5 s <t < 20 s), the seismic shaking intensity and slope damage increase quickly (see also
Figures 4 and 8), leading # to fluctuate rapidly from the peak positive (approximately 6) to negative (approxi-
mately —3) values. The fluctuation of # becomes increasingly frequent for tests of high interparticle bonding
strengths (e.g., ¢ = 40 MPa). This is because the interaction between the strong slope mass and bedrock can
be established and destroyed rapidly when the solid particles move coherently as a bonded block. The sub-
sequent landslide deposition results in a gradual decrease of 5 for each test (see stage C). The final mean
value of 7 is around 0.28 occurring after 40 s. In stage D, the bulk landslide deposit remains static except
for some particles moving near the surface. Thus,  remains almost constant after t = 40 s. As a comparison,
the gravity-driven landslides have a drastically different evolution pattern of basal stress ratio, as shown in
Figure 13b. For these tests, 7 fluctuates rapidly about a mean (represented by a thick black curve), and the
fluctuation intensity increases with the particle bonding strength. The general trend exhibits a similar four-
stage pattern, but with reduced duration time. At the beginning of landslide propagation, 7 decreases sharply
from the static stress ratio of 0.75 to 0.35 (stage A). Then, it remains almost constant for the subsequent land-
slide propagation and deposition phases (stage B). After t = 22 s, 7 decreases slowly as the bulk landslide mass
gradually ceases motion (stage C). The landslide motion stops after t = 27.5 s, and 7 fluctuates slightly around
a stable value (stage D). Figures 13a and 13b illustrate clearly that the reduction of basal stress ratio occurs
mainly at the beginning of landslide propagation when the strong basal resistance, for example, bonding
and static friction forces, is overcome by seismic- and gravity-induced shearing forces.

The numerical results are also analyzed with regard to the mobility of landslide mass in Figure 14a, where the
apparent friction coefficient, H/L (H and L are the fall height and spreading length traveled by the center of a
landslide mass, respectively), is plotted with respect to the particle bonding strength (c). It can be observed that
despite of different triggering mechanisms employed in the two types of tests, H/L evolves similarly with c, fol-
lowing a parabolic relationship. The seismic-induced landslides have lower apparent friction coefficient than
the gravity driven ones, especially for tests of ¢ > 30 MPa, indicating that the seismic input energy can increase
the landslide mobility to some extent. This result also shows that the peak value of H/L occurs at around
¢ =30 MPa, while relatively low values of H/L exist for tests of low (c < 15 MPa) and high (c > 40 MPa) particle
bonding strengths. For these tests, H/L varies from 0.53 to 0.546, which can match some well-documented field
observation data of long-runout landslides reported in Legros (2002) and Crosta et al. (2017). In addition, the
overall slope damage ratio decreases exponentially with the particle bonding strength. The numerical results
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granular temperatures, and the landslide frontal velocity (v with the particle . .
bonding strength (c) for landslides induced by seismic shaking and 5. Discussion

gravity forces.

5.1. Dynamic Rock Fragmentation and Shear Resistance Reduction

The dynamic fragmentation of rock slope due to extremely high overload-
ing stress would generate a layer of gradually fining and rounded solid particles at the base. These particles
usually exhibit a much lower macroscopic shear strength than angular-shaped particles at a given confining
pressure (Lambe & Whitman, 1969), which could effectively increase the landslide mobility (Perinotto et al.,
2015). According to Figures 7 and 9, during landslide, the damage of rock mass concentrates mainly near
the failure plane where the distribution of force chains is very loose. In particular, there is even some areas
of negligibly small forces. As stated in Hori et al. (2013), this peculiar pattern of pillar-like strong force chains
surrounded by weak force chains or noncontacted particles can form or break frequently within the granular
mass during shearing. The breakage of these pillar-like strong force chains is accompanied by the release of
elastic energy stored at contacts, resulting in a sudden drop of the granular friction coefficient (Dorostkar &
Carmeliet, 2018; see also Figures 10 and 13 of this paper). The distribution patterns of force chains and rock
damage indicate that the rock mass near the landslide base has been heavily fragmented by shearing (Zhang
& McSaveney, 2017). As stated by Campbell (1989) and Cleary and Campbell (1993), for the case of a comple-
tely fragmented granular system, particles at the base are intensely agitated with frequent collisions and
could act as a lubricating layer to reduce the overall effective friction of the granular flow. Under seismic load-
ing, the energy input by seismic shaking can also increase the intensity of granular agitation. The intensity of
particle agitation can be quantified by the vibrational and rotational granular temperatures in Figure 11a. In
addition, the fracturing and fragmentation of rock also involve intense energy dissipations, together with
boosts of granular momentum for some rock fragments, leading to the increase of landslide mobility
(Crosta et al., 2017; De Blasio & Crosta, 2015; Zhao et al., 2017a).

ZHAO AND CROSTA

9928



AAAAAAAAAAAAAA
'AND SPACE SCiENCE

Journal of Geophysical Research: Solid Earth 10.1029/2018JB016378

According to Campbell et al. (1995), Strom (1999), and Chang and Taboada (2009), even though intense
shearing exists within a completely fragmented slope, the landslide debris deposit exhibits approximately
the same strata order as its original stratigraphic structure in the source mountainside after a long runout.
This feature can also be well illustrated in the current study on the dynamic fragmentation of an initially intact
rock slope (Figure 5). In addition, as shown in Figures 9d and 9e, the basal shear zone appears to have a uni-
form thickness along the basal surface. For a rough estimation, the thickness ranges from 20 to 27 m (~5-9
particle diameters). This value reflects how strongly the basal friction can influence the shear-induced
dynamic slope fragmentation, which may effectively depend on the confining stress, shearing rate, rock
strength, basal roughness, and slope volume. As stated in Campbell et al. (1995), high basal roughness can
lead to the increase in thickness of landslide shear zone, reducing the final landslide runout. As the intact
landslide mass moves atop the basal fragmented layer, it is straightforward to expect that the main source
of energy dissipation comes from the shearing of basal granular layer (e.g., by friction and damping), while
the intact rock block can remain elastic with very small energy dissipation (e.g., by damping during elastic
deformation). If the frictional heat produced in the shear layer is high enough, it can even allow melting of
the basal rocks, which could potentially lubricate the landslide motion (De Blasio & Elverhgi, 2008; Hu
etal, 2018; Wang et al,, 2017).

5.2. Slope Structure and Seismic Wave Reflection

This research aims to illustrate the initiation, propagation, and deposition mechanisms of seismic
induced landslides by the discrete element modeling approach. Due to the high computational cost for
the real 3-D DEM modeling, only a 2-D plane strain model has been employed. The presented results reveal
that the failure of a complex coseismic landslide can be reproduced, at least in a reasonably qualitative way,
by the DEM model. Relatively large particles were used in this study to represent the slope mass, as a com-
promise of computational cost. It should also be noted that the confining pressure, brittle deformation, initial
weathering condition, joints, and fractures were not considered because they are not within the purview of
this study.

The current research has not considered the influence of seismic shaking amplification due to ground topo-
graphy. For simplicity and convenience of DEM model configuration, the current study simply employed the
same seismic wave excitations along a horizontal bedrock layer. This approach may lead to slightly different
loading conditions on the layered slope structure and cause some minor errors to the computation of slope
displacement. In fact, the seismic shaking can be amplified at the slope surface due to wave reflection and
diffraction by ground topography irregularities (Jafarzadeh et al,, 2015). As a result, additional seismic loading
forces can be imposed on the landslide mass. Correct evaluation of this amplification effect is complicated
because detailed analyses of slope topography, soil properties, frequency, and angle of incident seismic wave
are required. In addition, the errors resulting from the seismic wave attenuation along the traveling path (e.g.,
the Qingping Station is 46 km away from the studied site) can be much larger than that from shaking ampli-
fication. Thus, for qualitative analyses, the accuracy of current study is believed to be acceptable. During DEM
simulations, the rigid basal boundary condition along the failure plane may reflect the long wavelength seis-
mic waves into the slope, which in turn erroneously amplifies the seismic loading (McNamara, 2013). For this
problem, a layer of soft particles fixed on the rigid boundary in this study can effectively represent an absorb-
ing boundary condition, in which the energy of reflected waves can be absorbed via an artificially high damp-
ing. Furthermore, as stated in Johnson et al. (2016), the long wavelength acoustic waves have little influence
on the overall debris dynamics, as only the short wavelength acoustic waves are of primary importance.
These short acoustic waves control the potential reduction of effective friction for the rockslide and can be
effectively determined by the constituent particle sizes. Therefore, the basal boundary of fixed fine particles
with high damping coefficient employed in the current numerical simulations is believed to be reasonable for
analyzing earthquake-induced landslides.

6. Conclusions

This paper presents an efficient numerical technique for analyzing the dynamic fragmentation and lubrica-
tion mechanisms of coseismic landslides via 2-D plane strain DEM simulations. The slope profile is repre-
sented by smooth and rigid walls, while the layered structure of slope mass is reproduced by packing an
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assembly of bonded spherical particles with various microscopic properties. By employing this DEM model
together with recorded seismic waves, the failure and dynamics of Tangjiashan landslide have been analyzed.

The landslide is initiated when the input seismic motion reaches the peak value and the shear forces are
dominant at the base. In the meantime, the slope overburden stress is relieved, and the basal stress ratio
decreases rapidly. After failure, the basal slope mass is fragmented progressively as intense shearing con-
tinues, which in turn facilitates the acceleration of landslide propagation. The basal shear layer has a thickness
of 5-9 particle diameters. In this process, the basal stress ratio decreases gradually from 0.68 to 0.28 by gran-
ular agitation from a combined effect of particle vibration and rotation. The corresponding vibrational and
rotational granular temperatures first increase quickly to the peak values of 35.2 and 11.6 m%/s, respectively,
due to intense basal shearing, and then decrease gradually to nil when the solid materials cease motion. The
reduction of basal stress ratio occurs when the strong basal resistance is overcome by seismic- and gravity-
induced shear forces, and the particle rearrangements become dominant within the basal shear layer. During
emplacement, the slope source stratigraphic relations are preserved apart from the frontal region where a
reversal is partially observed. The collision of the detached slope with the valley floor and compression
between rock blocks lead to concentrated contact force chains and severe slope damages. The overall rock
damage ratio decreases, while the peak vibrational and rotational temperatures, landslide frontal propaga-
tion velocity increase with the particle bonding strength, following exponential relationships. The seismic-
induced and gravity-driven landslides exhibit similar evolution patterns of slope damage, suggesting that
the dynamic fragmentation is an intrinsic feature of landslide material irrespective of the
triggering mechanism.

This research shows that the seismic shaking appears to be more relevant to the detachment than to the
spreading of the landslide mass. The reduction of rock block size by widespread fracture propagation and
rock fragmentation is a prerequisite condition for landslide mobilization. Further research on landslide mobi-
lization should consider the detailed fracture or joint distributions within the initial slope mass, as these
aspects can also dominate the fragmentation and lubrication mechanisms of landslides.
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