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Abstract
The Hongshiyan landslide was triggered by the Ms 6.5 Ludian earthquake in 2014 with more than 1200 × 104  m3 of rocks 
displaced. The landslide deposited entirely on the valley floor, and the landslide dam was eventually converted to a hydraulic 
structure for a permanent disposal. Despite the importance of material compositions to the slope stability and internal stabil-
ity of a landslide dam, it was practically not viable and costly to explore the deeply buried materials in field. A 2D discrete 
element modeling (PFC2D code) was performed in this study to investigate the kinematic behavior of the Hongshiyan land-
slide. The study aims to provide insights into the material compositions of the landslide dam for future stability evaluations. 
The simulation results showed that for the landslide sitting in a deep V-shaped valley with constrained movement and steep 
slip surface gradient, the kinematic behavior was more sensitive to the bond strength (strength of intact rock mass) than the 
residual friction coefficient (residual friction of detached rock mass). The simulation results also suggested that the rock 
blocks were scarcely decomposed during sliding, as the material compositions of the landslide dam was primarily controlled 
by the development of joints and fissures prior to the failure.

Keywords Earthquake-triggered landslide · Landslide dam · Discrete element method · Kinematic behavior · Hongshiyan 
landslide · Ludian Earthquake

Introduction

A strong (Ms 6.5) earthquake struck the Ludian county, 
Yunnan Province, China on 3rd August 2014, at 16:30 local 
time (Fig. 1a, b). The 2014 Ludian earthquake had affected 
1.08 million people and caused 617 deaths, 112 missing, 
and 3143 injured (Chang et al. 2016; Li et al. 2015b; Shi 
et al. 2017). Thousands of landslides were triggered by the 
earthquake (Fig. 1c), among which the Hongshiyan landslide 
was one of the largest in terms of the sliding mass volume. 
The Hongshiyan landslide was deposited entirely on the val-
ley floor with a higher deposition on the opposite bank. The 
deposition dammed the Niulanjiang river (Figs. 2, 3), and 
threatened the safety of the public at the downstream areas. 
The landslide dam was 83–96 m in height, 307 m in length, 
and 262 m in width, resulting in a total volume of about 
1200 × 104 m3 (Wang et al. 2015). Eventually, the landslide 
dam was converted to a hydraulic structure for a permanent 
disposal.  

Owing to the massive sliding volume and the potential 
hazard of landslide dam breaching, extensive studies includ-
ing statistical analysis, site investigation and numerical 
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analysis had been carried out to investigate the mechanism 
of the Hongshiyan landslide. Based on the distribution and 
geomorphologic characteristics of the Ludian earthquake, 
previous statistical analysis suggested that shallow hypo-
center of the Ludian earthquake (Xu et al. 2014a) and local 
topography (Chen et al. 2015; Zhou et al. 2016) had a sub-
stantial influence on the mechanism of the landslide occur-
rence. Through post-failure site investigations, Chang et al. 
(2016) identified four factors that had contributed to the 
Hongshiyan landslide, namely recent crustal deformation, 
combined structures, its location near to an active fault, and 
strong ground shaking of the Ludian earthquake. Numeri-
cal analyses had been carried out by several researchers to 
provide more insights into the failure mechanisms, i.e., Liu 
et al. (2016) using finite element method, Lv et al. (2017) 
using dynamic finite difference method, and Xu et al. (2017) 
using material point method. Based on these simulation 
results, the shear strength parameters of rock mass were back 
analyzed (Liu et al. 2016), the response of the Hongshiyan 
slope before failure was studied (Lv et al. 2017), and the 
sliding process was simulated (Xu et al. 2017). Both the 
regional and local analyses above suggested that the earth-
quake load and local topography were the two dominating 
factors contributing to the failure.

Despite of the extensive studies carried out pertain-
ing to the case study of the Hongshiyan landslide as cited 
above, most of the studies focused mainly on the failure 

mechanism. Studies on the kinematic behavior of the land-
slide are still very limited. Xu et al. (2017) simulated the 
sliding process using the material point method. However, 
their work focused mainly on the modeling approach using 
a three-dimensional model, whereas the Hongshiyan land-
slide was only taken as a case study to show the validity of 
the proposed approach. The kinematic behavior and sliding 
process of the landslide were not investigated explicitly in 
their reported study.

The kinematic behavior of earthquake-triggered land-
slides are rarely monitored or measured in field attributed 
to their sudden failure or rapid movement characteristics. 
It is difficult to analyze the dynamic sliding mechanisms 
based on the field observation alone (Havenith et al. 2003). 
Numerical modeling tools such as discrete element method 
(DEM), discontinuous deformation analysis (DDA), material 
point method (MPM) have been widely used as alternatives 
to give insights into the dynamic processes (Tang et al. 2009; 
Wu et al. 2009; Soga et al. 2016; Xu et al. 2017).

In recent years, many numerical studies have been con-
ducted using the discrete element method to investigate 
the dynamic processes of earthquake-triggered landslides. 
For instances, Tang et al. (2009) investigated the kinematic 
behavior of the catastrophic Tsaoling landslide triggered 
by the Chi-Chi earthquake, Li et al. (2012a), Zhou et al. 
(2013a, b), Yuan et al. (2014), and Deng et al. (2017) simu-
lated the Donghekou landslide, Yangjiagou landslide, and 

Fig. 1  Geological setting and coseismic landslides related to the 
Ludian earthquake, China on 3 August 2014. a Location of the study 
area. b Active faults (Xu et al. 2015c, 2016b) of the study area and 
the Ludian earthquake epicenter, ZF-Zemuhe fault, XF-Xiaojiang 

fault, LF-Lianfeng fault, ZLF-Zhaotong-Ludian fault, BXF-Baogu-
nao-Xiaohe fault. c Distribution map of the coseismic landslides trig-
gered by the Ludian earthquake and the location of the Hongshiyan 
landslide (Xu et al. 2014a)
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Wenjiagou rock avalanche triggered by the Wenchuan 
earthquake, respectively. These simulations showed the 
advancement of discrete element method in modeling the 
complicated seismically induced dynamic processes, such 
as bending, cracking, disintegrating, block tilting, eject-
ing and slipping (Havenith et al. 2003; Tang et al. 2009; 
Wasowski et al. 2011; Li et al. 2012a; Yuan et al. 2014; 
Deng et al. 2017). The validity of the input slope material 

properties is paramount to the validity of the simulation 
results (Wasowski et al. 2011). Trial-and-error approach was 
usually adopted to calibrate the input parameters to yield 
realistic outputs. Most of the previous studies pertaining to 
the topic focused on the dynamic processes, and the results 
suggested that a low residual friction coefficient played a key 
role in inducing a long distance movement. However, studies 
on the composition of deposition, which is essential to the 

Fig. 2  The Hongshiyan land-
slide: a topographic map show-
ing the elevation and affected 
area of the landslide before and 
after failure (modified from 
KECL and Zhaotong Water Sur-
vey 2014); and b slope profile 
before and after failure (modi-
fied from Li et al. 2015a)
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slope stability and internal stability of a landslide dam, have 
been scarcely investigated by numerical modelling.

Considering that limited studies are available on the kin-
ematic behavior of the Hongshiyan landslide and the impor-
tance of material compositions to the stability of a landslide 
dam, this study aims to simulate the kinematic behavior of 
the landslide through a 2D discrete element modeling with 
parametric study. The simulation results are used to interpret 
the material compositions of the landslide dam for future 
stability evaluations. Although the discrete element method 
has limitations in quantitatively investigating the material 
compositions of the landslide dam, the work demonstrates 
that it can provide useful insights for interpreting the mate-
rial compositions qualitatively.

Background of study area

Tectonic setting and the Ludian earthquake

The Qinghai Tibet Plateau was formed as the result of sub-
duction of the Indian plate under the Eurasian plate (Molnar 
and Tapponnier 1975; Tapponnier and Molnar 1977; Tap-
ponnier et al. 1986, 2001). At present, this crustal move-
ment is still active, and hence several major earthquakes 
occurred at both the interior and surrounding areas of the 
Qinghai Tibet Plateau. A large number of landslides had 
been triggered by these earthquakes, such as the Kashmir 
earthquake in 2005 (Kaneda et al. 2008; Owen et al. 2008), 
the Wenchuan earthquake in 2008 (Xu et al. 2009, 2014c), 
the Lushan earthquake in 2013 (Xu et al. 2013, 2015a, b), 
the Minxian earthquake in 2013 (Xu et al. 2014b; Tian et al. 
2016), the Ludian earthquake in 2014 (Fang et al. 2014; Xu 
et al. 2014c, 2015c; Zhang et al. 2014a, b) and the Nepal 
earthquake in 2015 (Avouac et al. 2015; Kargel et al. 2016; 
Xu et al. 2016a).

The Ludian earthquake occurred in the southeastern 
region of the Qinghai-Tibet Plateau (Fig. 1a). The epi-
center coordinates were 27.0994 N and 103.34 E. The 
magnitude of the Ludian earthquake was Mw 6.2 accord-
ing to the United States Geological Survey (USGS) and 
Mw 6.5 according to the China Earthquake Networks 
Center (CENC). The main active faults in the region, 
located 50 km away from the earthquake epicenter, were 
known as Zemuhe fault and Xiaojiang fault. These two 
faults were oblique and both made of NNE striking. In 
addition, a number of parallel strike-slip faults were devel-
oped in this area including Lianfeng fault and Zhaotong-
Ludian fault which were located 40 km and 10 km away 
from the earthquake epicenter, respectively. There were 
a series of small sub-faults developed between the two 
active faults. Seismic geological survey, aftershock dis-
tribution and post-earthquake rupture process analysis 
showed that the seismogenic structure of the Ludian earth-
quake was originated from one of these sub-faults, namely 
Baogunao-Xiaohe fault (Fig. 1b) (Fang et al. 2014; Zhang 
et al. 2014a, b; Xu et al. 2015c).

Coseismic landslides

The Ludian earthquake had triggered at least 1024 land-
slides with the area of each event > 100  m2 (Fig.  1c), 
and resulted in a total landslide affected area of about 
5.19 km2. The Hongshiyan landslide, which was located at 
about 9 km southeast of the earthquake epicenter (Fig. 1c), 
was one of the largest landslides triggered by the Ludian 
earthquake. The landslide occurred on the right bank of 
the Niulanjiang River nearby the Hongshiyan Village, and 
deposited into the Niulanjiang River with a previous land-
slide deposit on the opposite bank (Figs. 2a, 3).

Previous landslide on the left bank

A previous landslide was observed on the left bank (oppo-
site the Hongshiyan landslide) of the Niulanjiang River 
(Figs. 2a, 3, 4). The previous landslide has a base width 
and a height of about 1200 m and 900 m, respectively, 
resulting in a total volume of about 5.67 × 107m3 and 
an average thickness of 70 m (Chang et al. 2016). The 
previous landslide was mainly composed of gravel and 
stone with silt and clay filling in the voids between the 
coarse particles. The slope gradients above and below 
1400 m elevation of the slope were 18° and 36°, respec-
tively (Fig. 2). After the Ludian earthquake, the amount 
of rocks rolling down the slope was insignificant and the 
slope geometry has generally remained unchanged (KECL 
and Zhaotong Water Survey 2014).

Fig. 3  Locations of the Hongshiyan landslide and the previous land-
slide (modified from KECL and Zhaotong Water Survey 2014)
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Hongshiyan landslide and landslide dam

Geological setting

The Hongshiyan landslide is located in Lijiashan, Ludian 
County. At the study area, Niulanjiang River crossed through 
a deep and steep V-shaped valley. The elevation of the area 
above the river bed was about 1100–2000 m. The gradient 
and height of the slope on the left bank were 35°–50° and 
200–220 m, respectively (Chang et al. 2016). On the right 
bank, the slope gradient before failure was about 70°–85°, 
and the height was about 800 m. The Hongshiyan landslide 
occurred at the elevation of 1300–1800 m on the right bank 
of the hill.

The geological profile of the region consisted of medium 
bedded dolomitic limestone and dolostone intercalated with 
sandstone and shale of Ordovician, Silurian, Devonian, and 
Permian systems (Chang et al. 2016). Joints, fissures and 
intensely weathered surfaces were developed extensively 
in this region as the results of intense fault development, 
unloading cracks, and broken rocks characterizing the upper 
part of the slope (Chang et al. 2016). Three sets of joints 
were found in the rock on the slope, i.e., steep joints at the 
direction normal to the river (30°NW/80°NE), joints paral-
lel to the river (3°EW/80°S–83°S), and interbedded joints 
(20°NE–60°NE/10°NW–303°NW) (Chang et al. 2016). The 
weathering depth perpendicular to the slope on the right 
bank was 20–25 m (Chang et al. 2016).

Site investigation

A landslide dam was formed in the Niulanjiang river follow-
ing the Hongshiyan landslide. The total volume of the land-
slide dam was about 1200 × 104  m3 with a height of 83–96 m. 
The crest of the landslide dam was saddle-shaped with a 
length and a width of about 307 m and 262 m, respectively. 

The dam abutment on the right side (1240 m) was higher 
than that of the left side (1222 m). The base width of the 
landslide dam along the river was about 910 m. The average 
upstream and downstream slope gradients were about 1:2.5 
and 1:5.5, respectively (Wang et al. 2015).

According to the lithology, preliminary investigations by 
KECL and Zhaotong Water Survey (2014) suggested that 
the surface layer of the landslide dam contained mainly 
coarse particles with the maximum particle size was larger 
than 5 m. The compositions of particles > 50 cm, 2–50 cm, 
and < 2  cm were 50%, 35% and 15%, respectively. The 
amount of water leaking through the landslide dam was con-
siderably small and clean, and hence it was deduced that the 
soil particles below the elevation 1180 m was well-graded 
with a high density (KECL and Zhaotong Water Survey 
2014).

The topography and geometry of the slope on the right 
bank were altered significantly after the landslide. The land-
slide resulted in a 500 m high scar. The upper part of the slip 
surface was almost vertical, and the maximum height was 
about 350 m. The lower part of the slip surface was more 
gentle than the upper part (Fig. 2b).

Unloading cracks were developed extensively within 
60 m to the crest of the landslide scarp. The cracks were 
extended mainly parallel to the river, and the average crack 
spacing was about 5 m. The largest crack was 30–40 cm 
wide, 15 m long, and the visible depth was about 1–1.5 m. 
The longest crack was 10–15 cm wide, and 60 m long with 
the same visible depth as the former (KECL and Zhaotong 
Water Survey 2014).

Discrete element modelling

Discrete element method

The kinematic behavior of the earthquake-induced Hongshi-
yan landslide was simulated by the discrete element method 
using Particle Flow Code in two dimensions (PFC2D) 
(Itasca 2015). Balls and walls are the two basic elements 
in the PFC2D. In the discrete element method, the global 
behaviors of balls and walls are connected by a network 
of contact, and the positions and contacts between balls or 
between ball and wall are updated iteratively by the contact 
forces based on the laws of motion and force–displacement, 
as illustrated in Fig. 5. The detailed explanation on the theo-
ries of the discrete element method can be referred to Cun-
dall and Strack (1979). The discrete element method was 
initially developed to model the rock block system (Cundall 
1971; Cundall and Strack 1979). Recent trends showed that 
the method was increasingly common to be used for inves-
tigating the movement process of landslides as proven by its 

Fig. 4  Photo of the previous landslide (modified from KECL and 
Zhaotong Water Survey 2014)
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reasonable prediction of post-failure behavior (Tang et al. 
2009; Li et al. 2012a; Lu et al. 2014; Deng et al. 2017).

Numerical model

With the advancement in computer and software technology, 
3D modeling has been undeniably preferred over 2D mod-
eling in landslide movement simulation as the 3D modeling 
enables simulations of lateral spreading of mass movements. 
More kinetic energy is expected to be dissipated in the 3D 
case (Tang et al. 2009; Li et al. 2012b; Zhang et al. 2019). 
However, the 3D modeling strictly requires the availability 
of high quality input data (both resolution and accuracy), 
particularly the detailed topography of the pre-/post-failure 
of the site to identify the boundary of the sliding mass, the 
deposit shape and the detailed descriptions of the occurrence 
phenomenon (Crosta et al. 2004; Pirulli et al. 2007; Li et al. 
2012b). The 2D modeling still offers several advantages 
over the 3D modeling in the aspects of reducing the mod-
eling and computing time, and the possibility of interpreting 
the simulation results in a much more straightforward way 
(Itasca 2015). Numerous studies suggested that there were 
no significant differences in the simulated mass movement 
between the simpler 2D modeling and the more sophisti-
cated 3D modeling if the modeling is calibrated carefully 
(Staron 2008; Tang et al. 2009; Zhang et al. 2019). The main 
source of discrepancy comes from the differences between 
the 3D actual configured geometry and the geometry on a 
2D plane in the numerical model (Tang et al. 2009). PFC in 
two dimensions (PFC2D) was commonly adopted for the 
study of mechanical behavior of earthquake-triggered land-
slides, when possible (Tang et al. 2009; Li et al. 2012a; Zhou 
et al. 2013a, b; Lu et al. 2014; Yuan et al. 2014; Deng et al. 
2017). The above reported studies asserted a fact that the 2D 
simulation could give reasonable predictions to investigate 
the 3D real cases in spite of some simplifications. For these 
reasons, the 2D modeling was adopted in the present study.

Figure 2a shows the contour of the study site before 
and after the Hongshiyan landslide. The two contours are 
overlapped in Fig. 2a to reveal the topographical changes 
after the Hongshiyan landslide. The detached mass and the 
slip surface along the main slide direction were validated 
based on the changes in contours and site investigations, 
as shown in the cross-section of A–A′ (Fig. 2b). Since the 
slip surface was affirmed, the smooth bottom model was 
selected (Li et al. 2012b) in which the slip surface was 
modeled by wall elements, and the sliding mass was mod-
eled by 8694 ball elements with radiuses of 0.5–1.5 m. 
To provide a clear presentation for the movement scenar-
ios, the particles at every 100 m elevation interval were 
assigned with different colors, as shown in Fig. 6.

According to the site investigation, the sliding mass 
consisted of mainly rocks, and hence the linear parallel 
bond contact model was assigned in this simulation. The 
linear parallel bond model was developed by Potyondy and 
Cundall (2004) and it has been integrated into the PFC2D. 
In the linear parallel bond model, rocks are represented 
by dense packing particles that are bonded together at 
their contact points. The force and moment carried by the 
bond between particles are denoted as the cement behavior 
(Potyondy and Cundall 2004). In the simulation, the bond 
breaks when the applied stress exceeds its bond strength, 
after which only the residual friction of particles exists 
with the dismissal of the bond strength. The breakage of 
bonds explicitly represents the damage of rock mass, and 
the broken bonds form and coalesce into macroscopic frac-
tures (Potyondy and Cundall 2004; Chang et al. 2012). 
The residual friction coefficient of the grains is used to 
represent the residual friction of the joints in the rock mass 
(Tang et al. 2009; Yuan et al. 2014). With these features, 
numerous behaviors of rock can be reproduced, such as 

Timestep 
Determination

Force-Displacement 
Law

Contact Detection Law of Motion

Start of Cycle

Advance Time 
t:=t+dt

Fig. 5  Iterative calculations in the PFC (Itasca 2015)

Fig. 6  Numerical model of the Hongshiyan landslide with different 
colors according to the actual field geometry
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elasticity, fracturing, post-peak softening and strength 
increase with confinement (Potyondy and Cundall 2004).

The kinematics behavior of Hongshiyan landslide was 
governed by the geometry and discontinuities (e.g., bedding 
plane and joint) of the sliding mass. Since discontinuities 
are critical to the disintegration of any sliding mass, it is 
always favorable to simulate the discontinuities directly into 
a model for the mass movement simulation (Huang et al. 
2015; Zhang et al. 2019) when comprehensive statistical 
data of the discontinuities is available. However, for high 
and steep slopes like the present case study, it was diffi-
cult to obtain these data from the field. Therefore, the influ-
ence of discontinuities was taken into account indirectly by 
introducing a calibrated bond strength into the simulation. 
The same approach has been adopted by numerous previous 
studies and the simulation results reasonably reflected the 
actual kinematics behavior of landslides (Tang et al. 2009; 
Li et al. 2012a; Chang et al. 2012; Lu et al. 2014; Yuan 
et al. 2014; Deng et al. 2017; Scaringi et al. 2018; Zhao and 
Crosta 2018). In these previous studies, the calibrated bond 
strengths from the actual deposits were usually lower than 
those calibrated from the intact rock samples, and this reduc-
tion of bond strength implied the effect of discontinuities on 
the strength of the rock mass.

Numerical damping

Damping is not a parameter explicitly related to any physi-
cal mechanisms. It is only used in the PFC to dissipate the 
energy of particles or walls to establish an equilibrium con-
dition in a simulation. For a steady-state motion, damping is 

usually set to 0.7, and no erroneous on the equilibrium forces 
arise (Cundall and Strack 1979; Poisel and Preh 2008; Itasca 
2015). For an accelerating motion, such as the movement 
of landslide, damping may reduce the acceleration or the 
velocity of particles. The damping should be set to zero or 
to a reasonably small value. Therefore, the damping was set 
to 0.7 in the uniaxial compression test simulation. For the 
movement simulation, the damping was initially set to 0.7 to 
obtain the initial equilibrium state of the slope before failure, 
and subsequently set to 0 when applying the seismic load. 
This implied that the Hongshiyan landslide was a seismic 
load and gravity driven movement, and the drag force on 
the movements caused by air was assumed to be negligible 
(Teufelsbauer et al. 2009).

Boundary conditions

The bottom and both side boundaries were modeled in 
accordance with the slip surface and terrains before the 
slope failed. Wall elements were set along these boundaries 
(Fig. 6). The sliding mass, which was modeled by the ball 
elements, was permitted to move along the wall elements, 
but not crossing it.

A seismic motion was applied to the wall boundary after a 
primary gravitational stress field was generated (Deng et al. 
2017). As suggested by Tang et al. (2009) and Yuan et al. 
(2014), the seismic motion was applied in terms of veloci-
ties based on the integrated acceleration records obtained 
from the Longtoushan seismic station for the Ludian earth-
quake. Figure 7 shows the integrated velocity diagram. The 
velocities in Fig. 7a, b, d were directly integrated from the 

Fig. 7  Velocity diagram by integrating the acceleration of the Longtoushan seismic station recorded for the Ludian earthquake: a E–W compo-
nent; b N–S component; c horizontal component along the slip direction of the Hongshiyan landslide; and d vertical components
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measured acceleration of the corresponding directions. The 
horizontal velocity along the slip direction of the Hongshi-
yan landslide in Fig. 7c is calculated from Fig. 7a, b. In the 
simulation, the horizontal velocity in Fig. 7c and vertical 
velocity in Fig. 7d were applied to the wall boundary simul-
taneously. A seismic motion duration of 40 s was adopted 
in this study.

Calibration of micro‑properties

For numerical simulations by PFC2D with the linear parallel 
bond model, the micro-properties include effective modulus, 
stiffness ratio, normal and shear bond strength, and Coulomb 
friction coefficient are difficult to be obtained directly from 
laboratory tests, and there is no complete theory can reliably 
evaluate the micro-properties from the laboratory tests. For 
the reasons, a calibration process is necessary for selecting 
the appropriate micro-properties (Tang et al. 2009; Yuan 
et al. 2014; Deng et al. 2017).

For the Hongshiyan landslide, the detached mass con-
sisted of fractured and weathered rocks. However, physical 
and mechanical properties were only tested on the intact 
rock blocks from the landslide dam, as tabulated in Table 1 
(KECL and Zhaotong Water Survey 2014). Uniaxial com-
pression test simulation was first performed by PFC2D to 
calibrate the micro-properties by referring to the test results 
of the rock block. Subsequently, landslide movement simu-
lation was carried out to calibrate the micro-properties of 
the sliding mass by referring to the actual depositions of the 
Hongshiyan landslide.

Calibration with uniaxial compression test

A series of uniaxial compression tests were performed to fit 
the physical properties to those presented in Table 1 by trial-
and-error. The 2D numerical model for the uniaxial com-
pression test was 100 mm in height, 50 mm in width, and 
consisted of 3405 rigid disks. The disk size in the uniaxial 
compression test simulation is usually smaller than the disk 
size in the landslide simulation. However, this should not 
significantly affect the simulated kinematic behavior of the 
landslides (Tang et al. 2009; Yuan et al. 2014; Deng et al. 
2017). For the linear parallel bond model, there is no defini-
tive finding on the effect of disk size on the simulated peak 
strength of the granular assembly. The Young’s modulus 

and Poisson’s ratio were almost independent of the disk size 
(Potyondy and Cundall 2004). Table 2 shows the calibrated 
micro-properties of the models, and Fig. 8 presents the cor-
responding stress–strain behavior and the cracked model.

The elastic constant of Young’s modulus and Poisson’s 
ratio are two main macro-properties of rock blocks. These 
important parameters can be related to the micro-properties, 
such as effective modulus and ball stiffness ratio. Parametric 
simulations suggested that the effective modulus is propor-
tional to the Young’s modulus, while the Poisson’s ratio is 
related to the ball stiffness ratio. Normal strength and shear 
strength are two main components of bond strength, while 
friction coefficient is the micro-properties of disk. Both the 
bond strength and friction coefficient contribute to the simu-
lated peak strength of the rock samples from the laboratory 

Table 1  Physical properties of 
the rock blocks from landslide 
dam (KECL and Zhaotong 
Water Survey 2014)

Rock block Specific 
gravity, Gs

Density, ρ 
(g/cm3)

Unconfined compres-
sion strength (Mpa)

Young’s 
modulus (Gpa)

Poisson’s ratio

Calcite–dolomite 2.83 2.77 80.00 15 0.22
Dolomite 2.84 2.81 75.00 15 0.22
Limestone 2.77 2.72 85 18 0.21

Table 2  Microproperties of 
models based on a series of 
uniaxial compression tests

Parameters

Effective modulus (Gpa) 0.8
Ball stiffness ratio 1.0
Normal strength (Mpa) 40
Shear strength (Mpa) 40
Friction coefficient 1.0

Fig. 8  Stress–strain behavior and cracked model from simulated uni-
axial compression test
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tests (Itasca 2015), but there is no straightforward solution to 
obtain these parameters. The bond strength and friction coef-
ficient are usually calibrated according to the results from 
the laboratory uniaxial compression tests by trial-and-error 
(Tang et al. 2009; Li et al. 2012a; Yuan et al. 2014; Deng 
et al. 2017). This has been found to be one of the most prac-
tically efficient approach available to date (Tang et al. 2009).

Physical properties of three rock block samples were 
tested and summarized in Table 1 (KECL and Zhaotong 
Water Survey 2014). The average values of these physical 
properties, i.e., unconfined compression strength, Young’s 
modulus and Poisson’s ratio were used to calibrate the uniax-
ial compression test. Upon going through the trial-and-error 
process, the calibrated macro-properties were as follows: 
Young’s modulus, E = 15.4 GPa, Poisson’s ratio, n = 0.22, 
and unconfined compressive strength, UCS= 80  MPa. 
These calibrated macro-properties are reasonably identical 
to the mechanical properties of the rock blocks as shown in 
Table 1.

Calibration with landslide deposition

Parametric simulations of the Hongshiyan landslide were 
carried out to calibrate the micro-properties of the sliding 
mass. Table 3 shows the parameters used for calibrating 
the Hongshiyan landslide deposition. The strength of the 
detached mass was weakened by the fractures and weath-
ering, resulting in a lower strength than the original rock 
blocks. For these reasons, the parameters of bond strength 
and residual friction coefficient in Table 3, which was used 
in calibrating the landslide deposition, were lower than those 
calibrated from the rock block test.

Residual friction coefficient is an important parameter 
affecting the landslide movement. The residual friction coef-
ficients ranging from 0.1 to 0.6 with an increment inter-
val of 0.1 were attempted in this study. According to Tang 
et al. (2009) and Yuan et al. (2014), the time of applying 
the residual friction coefficient should be determined by 
Newmark’s method (Newmark 1965). However, the method 
does not favor the estimation of critical acceleration value, 

which is an essential parameter for determining the applica-
tion time (Jibson 2011). Furthermore, Newmark’s method 
is suitable for landslides with shallow and stiff sliding mass 
(Jibson 2011), which are incompatible with the conditions 
of the Hongshiyan landslide. For these reasons, the residual 
friction coefficient was applied immediately after the peak 
acceleration for simplicity. It was assumed that the detached 
mass slid when the peak acceleration exceeded the yield 
acceleration. Yuan et al. (2014) have successfully modeled 
the Donghekou landslide triggered by the 2008 Wenchuan 
Earthquake by adopting the similar approach. Other param-
eters including the effective modulus, stiffness ratio and den-
sity were extracted directly from the results of the uniaxial 
compression test simulation.

Results and discussion

Constraints on bond strength

In the linear parallel bond model, the strength of rock mass 
was simulated by the bond strength. The calibrated bond 
strength of 40 MPa was used to represent the initial strength 
of the rock blocks, while lower bond strengths of 1 MPa, 
4 MPa and 10 MPa were used to simulate the extent of influ-
ences of joints and fissures on the strength of the rock mass. 
Parallel bond breakage is a ratio of broken bonds to the total 
bonds. It represents the extent of damage of sliding mass 
during a mass movement.

Figure 9a shows the changes of parallel bond breakage 
with time under different bond strengths. The evolution of 
parallel bond breakage can be divided into three stages as 
illustrated in Fig. 9b, i.e., initial stage, developing stage, and 
final stage. At the initial stage, the parallel bond breakage 
was minimal. The parallel bond breakage increased drasti-
cally during the developing stage, and eventually became 
stagnant at the final stage.

The duration of the initial stage was positively correlated 
with the bond strength as shown in Fig. 9a. For the bond 
strength of 1 MPa, the initial stage was practically indistin-
guishable as it entered into the developing stage instantly 
after application of the seismic load. For the bond strength 
of 4 MPa, it evolved into the developing stage immediately 
after the peak seismic acceleration. For the bond strengths of 
10 MPa and 40 MPa, the developing stage was observed 10 s 
and 15 s after the peak seismic acceleration, respectively.

The duration of developing stage was inversely corre-
lated with the bond strength. The higher the bond strength, 
the shorter the duration of the developing stage. Figure 10 
shows the evolution of the landslide kinematic under differ-
ent bond strengths after an elapsed time of 30 s. At this time, 
the fore front of all the detached masses with different bond 
strengths has reached the toe of the slope. Apparently, the 

Table 3  Parameters of landslide simulation suggested by the results 
of uniaxial compression test

Parameters

Effective modulus (Gpa) 0.8
Ball stiffness ratio 1.0
Bond strength
 Normal strength (Mpa) 1, 4, 10, 40
 Shear strength (Mpa) 1, 4, 10, 40

Residual friction coefficient 0.1, 0.2, 0.3, 
0.4, 0.5, 
0.6
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detached mass with the bond strength of 1 MPa was decom-
posed completely, while the detached mass with the bond 
strength of 40 MPa almost retained its initially geometry. 
The detached masses with the bond strengths of 4 MPa and 
10 MPa were decomposed, but largely kept their general 
assembly.

At the final stage, the final parallel bond breakage was 
inversely correlated with the bond strength, as shown in 
Fig. 9a. Figure 11 shows the final deposition of the detached 
mass after an elapsed time of 150 s under different bond 
strengths. The surface of the simulated depositions with 
the bond strengths of 1  MPa and 4 MPa were close to 
those shown in Fig. 4b, aside from the observation that the 
detached mass with the bond strength of 1 MPa was almost 
decomposed completely. The results with the bond strengths 
of 10 MPa and 40 MPa were different to those shown in 
Fig. 4b, and the presence of large assemblage were different 
to the composition of the actual deposition.

Through the parametric simulations for investigating the 
effect of bond strength on the evolution of landslide, the 
analysis results suggested that the development of fissures 
and joints has significantly influenced the decomposition of 
detached mass and the particle size distribution of the land-
slide deposition. By comparing the composition of the depo-
sition revealed from the site investigation with the simulated 
result at the final stage (Fig. 11), the simulation result with 

Fig. 9  Changes of parallel bond breakage with time. a Under differ-
ent bond strengths; b illustration of three stages of evolution of paral-
lel bond breakage

Fig. 10  Influence of bond strength on landslide kinematics at 30  s. a Bond strength = 1 Mpa; b bond strength = 4 Mpa; c bond strength = 10 
Mpa; d bond strength = 40 Mpa
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the bond strength of 4 MPa was reasonably identical with 
the actual deposition.

Constraints on residual friction coefficients

To investigate the constraints of residual friction coefficient 
on the Hongshiyan landslide movement, 6 residual fric-
tion coefficients, i.e., 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6, were 
attempted. It was found that no movement of detached mass 
was induced when the residual friction coefficient of 0.6 was 
applied, and hence the results of 0.6 residual friction coef-
ficient were omitted from the subsequent analysis.

Figure 12 shows the changes of parallel bond breakage 
with time under different residual friction coefficients. The 
development of parallel bond breakage with time under the 
residual friction coefficients of 0.1, 0.2, 0.3, and 0.4 were 
fairly similar to each other. However, when the residual 
friction coefficient was increased to 0.5, although the final 
parallel bond breakage was close to those of the other four 
residual coefficients, the time response of the parallel bond 
breakage during the developing stage was visibly different 
(Fig. 12). After elapsed times of 15–20 s, the parallel bond 
breakage was inversely proportional with the residual fric-
tion coefficient (Fig. 13). The parallel bond breakage with 
the residual friction coefficient of 0.5 was significantly lower 
(about 1/5–1/4) than the other four residual friction coef-
ficients (Fig. 13). After an elapsed time of 30 s, the parallel 

bond breakage with the residual friction coefficient of 0.5 
increased significantly to a value close to those of the other 
four residual friction coefficients (Fig. 13). After an elapsed 
time of 150 s, the parallel bond breakage with the residual 
friction coefficients of 0.1–0.4 were increased by about 10%. 
A higher increment was observed for the residual friction 
coefficient of 0.5, and eventually resulted in a slightly higher 
final parallel bond breakage than the other four residual fric-
tion coefficients (Fig. 13).

From the overall trends of the changes of parallel bond 
breakage with time under different residual frictional 

Fig. 11  Influence of bond strength on landslide at final stage (150 s). a Bond strength = 1 Mpa; b bond strength = 4 Mpa; c bond strength = 10 
Mpa; d bond strength = 40 Mpa

Fig. 12  Changes of parallel bond breakage with time under different 
residual friction coefficients
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coefficients (Fig. 12), the development of parallel bond 
breakage with residual frictional coefficients ranging from 
0.1 to 0.4 were practically invariable, while a distinguish-
able trend was observed for the residual frictional coefficient 
of 0.5. Therefore, the landslide kinematics and final stage 
with the residual friction coefficient of 0.2 was selected (to 
represent the results of residual coefficients ranging from 
0.1 to 0.4) for comparison with that of the residual fric-
tion coefficient of 0.5 (Fig. 14). After an elapsed time of 
20 s, the detached mass with the residual friction coefficient 
of 0.2 was decomposed in the front, middle and rear parts 
(Fig. 14a), while only the front part of the detached mass 
was decomposed with some fractures observed in the mid-
dle part for the residual friction coefficient of 0.5 (Fig. 14d). 
After an elapsed time of 30 s, the decomposed detached 
mass with the residual friction coefficient of 0.2 laid on the 
slope with a considerably uniform thickness (Fig. 14b). For 

Fig. 13  Changes of parallel bond breakage with residual friction coef-
ficients at different time

Fig. 14  Comparison of landslide kinematics between residual friction coefficients of 0.2 and 0.5
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the residual friction coefficient of 0.5, the thickness at the 
rear part of the decomposed detached mass was significantly 
greater than the front part forming an inverted triangle shape 
(Fig. 14e). Site investigation showed that unloading cracks 
were developed extensively within 60 m to the crest of the 
landslide scarp, and hence the rear part of the detached mass 
was unlikely to be remained intact and keeping the initial 
geometry during the initial sliding, as shown in Fig. 14d. 
The decomposition such as that shown in Fig. 14b was a 
more reasonable result. After an elapsed time of 150 s, the 
depositions of the detached mass for both the residual fric-
tion coefficients of 0.2 and 0.5 were reasonably similar to 
each other (Fig. 14c, f).

Through the parametric investigation of the effect of 
residual friction coefficient on the evolution of landslide, 
the simulated results suggested that the influences of the 
residual friction coefficient on the final parallel bond break-
age and deposition were insignificant, but the landslide 
dynamics with the residual friction coefficients ranging from 
0.1 to 0.4 were different from that of the residual friction 
coefficient of 0.5.

Material compositions of the Hongshiyan landslide 
dam

The materials composing a landslide dam play an impor-
tant role in slope stability and internal stability evaluations 
(Swanson et al. 1986; Costa and Schuster 1988; Casagli and 
Ermini 1999; Casagli et al. 2003; Okeke et al. 2014). The 
Hongshiyan landslide dam was converted to a hydraulic 
structure for a permanent disposal, and hence understanding 
of the material compositions would be very useful to evalu-
ate its stability and to furnish information for the analysis 
and design of the hydraulic structure.

Despite the importance of the material compositions to 
the stability of landslide dams, it is usually difficult to obtain 
these data in field (Casagli et al. 2003). Drilling and pit-
ting are usually carried out to sample the surficial materials, 
while exploring the deeply buried materials is costly and 
practically not viable. For this reason, site investigation only 
successfully revealed the composition of materials at the 
surface layer of the Hongshiyan landslide dam, while there 
was no information available on the materials in the core and 
bottom parts of the landslide dam.

Tapping on the advantages of discrete element method 
in simulating landslide deposition process, it enables pre-
dictions on the composition of materials in the landslide 
dam. Two parameters of the Hongshiyan landslide dam were 
investigated qualitatively, i.e., (i) the original location of the 
final deposition, and (ii) the factors controlling the particle 
size distribution of the materials.

To investigate the original location of the final deposition, 
thirteen monitoring points were located at the rear (points 

1–3), middle (points 4–9) and front (points 10–13) parts 
of the simulated model. The original and final positions of 
the thirteen monitoring points are shown in Fig. 15. At the 
final deposition, the original front part of the detached mass 
was located on the opposite side bank, and it was buried by 
the subsequent depositions. The original middle part consti-
tuted the core of the final landslide deposition. Points 6 and 
9 which were originally located at the surface layer of the 
middle part were deposited into the core of the deposition. 
The rear part of the detached mass was deposited on the rear 
surface of the deposition.

The grain size distributions of the mass materials of the 
Hongshiyan landslide dam were deduced from the initial 
grain size distributions and the breakage of the detached 
mass after failures. Factors controlling the grain size dis-
tributions of the materials in the landslide dam can be ana-
lyzed based on the results from the parametric simulation of 
parallel bond breakage under different bond strengths and 
different residual friction coefficients.

The calibrated bond strength of 40 MPa represented the 
strength of the intact rock block. The final parallel bond 
breakage for the bond strength of 40 MPa was less than 10% 
(Fig. 9a), and only the front part of the detached mass was 
broken (Fig. 11d). This implied that the rock blocks were dif-
ficult to be broken during the moving process of the Hong-
shiyan landslide, with the exception to the front part. The 
lower bond strengths of 1 MPa, 4 MPa and 10 MPa showed 
the extent of influence of joints and fissures on the strength 
of rock mass. With the decrease in bond strength, the parallel 
bond breakage increased significantly (Fig. 9a). This implied 
that the development of joints and fissures influenced the 
decomposition of the detached mass, and hence the particle 
size distributions of the materials significantly.

By referring to the parallel bond breakage under different 
bond strengths, it can be deduced that the front part of the 

Fig. 15  Comparison between original (on left) and final (on right) 
positions with 13 monitoring points
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landslide was decomposed significantly and resulted in finer 
grain sizes. The grain size distributions at the other parts 
were mainly controlled by the development and density of 
the joints and fissures, and thus it can be evaluated qualita-
tively by the post-failure investigation of joints and fissures 
near the scarp of the landslide.

Influence of geometry of slip surface

The parametric simulations of the earthquake-triggered 
Hongshiyan landslide suggested that bond strength has a 
more significant influence on the final deposition than the 
residual friction coefficient between ball and wall. The 
simulation results were not sensitive to the residual friction 
coefficient as indicated by the simulation results of residual 
friction coefficients of 0.1–0.4. Other previous studies on 
earthquake-triggered landslides indicated that low residual 
friction coefficients were responsible to the observed land-
slide features (Wasowski et al. 2011), such as the Chi-Chi 
earthquake triggered Tsaoling landslide (Tang et al. 2009), 
the Wenchuan earthquake triggered Donghekou landslide 
(Li et al. 2012a; Yuan et al. 2014) and the Wenjiagou land-
slide (Deng et al. 2017).

The different influence of residual friction coefficient as 
observed in the present case study could be attributed to the 
gradient of the slip surface. For the cases of earthquake-trig-
gered landslides with low residual friction coefficients, the 
gradient of the slip surface was relatively gentle and the run-
out distance was usually long. This implied that the residual 
friction coefficient played a very important role on the hori-
zontal movement of the landslide. As for the Hongshiyan 
landslide, which was sitting in a deep V-shaped valley, the 

opposite bank constrained the movement of the landslide. 
As the result, it was difficult to calibrate the residual fric-
tion coefficient accurately. The gradients of the slip surface 
of the Hongshiyan landslide can be divided into 4 sections, 
i.e., 2.22, 0.36, 0.59, and 0.81 (Fig. 6). Considering these 
slip surfaces were generally greater than the residual fric-
tion coefficients, the deposition was controlled by the fric-
tion coefficient of balls and the gradient of the slip surface. 
The residual friction coefficient would certainly influence 
the momentum of a landslide, but the momentum of the 
Hongshiyan landslide was difficult to be deduced from the 
deposition. When the slip surface gradient was greater than 
the applied residual friction coefficient, it was difficult to 
distinguish the simulated deposition purely based on the 
calibration of the deposition geometry.

Dynamic response of the Hongshiyan landslide

To interpret the dynamic responses of the Hongshiyan land-
slide, the velocity and displacement in X (horizontal) and 
Y (vertical) directions were investigated with the monitor-
ing particles located at the rear (points 1–3), middle (points 
4–9), and front (points 10–12) parts of the simulated model 
(Fig. 15).

The variations in velocity with time in x and y directions 
are shown in Figs. 16 and 17, respectively. The velocity gra-
dient can be defined as the acceleration of a particle. Accord-
ing to the Newton’s second law of motion, the acceleration 
of a particle is controlled by the net force. Thus, the velocity 
gradients in Figs. 16 and 17 could also be used to represent 
the degree of collision interaction of a particle with the sur-
rounding particles and walls (Li et al. 2012b).
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Fig. 16  Variations of velocity in x (horizontal) direction with time
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In the x direction, the maximum velocities on the sur-
face of the slope prior to the failure were 1.9 m/s (point 
3), 1.8 m/s (point 6), 2.0 m/s (point 9), and 1.3 m/s (point 
12). Upon failure, the maximum velocities for the front, 
middle, and rear parts occurred at elapsed times of 20.1 s 
(about 15.2 m/s), 18.3 s (about 34.9 m/s), and 27.4 s (about 
63.6 m/s), respectively (Fig. 16). In the y direction, a nega-
tive velocity indicated a downward motion of the sliding 
mass, and vice versa (Lo et al. 2011; Li et al. 2012b). The 
maximum velocities on the surface of the slope before the 
failure were 1.3 m/s (point 3), 0.9 m/s (point 6), 1.1 m/s 
(point 9), and 1.3  m/s (point 12), while the maximum 
velocities for the front, middle, and rear parts after the fail-
ure occurred at elapsed times of 18.8 s (about 34.4 m/s), 
14.2 s (about 31.6 m/s), and 26.5 s (about 41.2 m/s), respec-
tively (Fig. 17). For all the monitoring points, the veloci-
ties in both the x and y directions increased steadily with 
little fluctuations (Figs. 16, 17). This showed that gravity 
was the major force, and the interaction between particles 
was relatively low. Upon reaching the peak velocity, the 
velocities decreased with intense fluctuations, and the most 
intense fluctuations were observed in the front part (Figs. 16, 
17). This showed that the collision interaction and friction 
become predominant when the deceleration was initiated.

The simulated displacements at the monitoring points are 
presented in Figs. 18 and 19. It showed that the rear and mid-
dle parts took a longer time than the front part to reach the 
final moving distance. The horizontal distances of the rear 
and middle parts were only slightly longer than the front 
part, but a more significant variation was observed for the 
vertical distance.

The maximum velocity of a landslide is significantly 
affected by its residual friction. The velocities and displace-
ments in the present study were computed based on the 
residual friction coefficient of 0.2. The analyses suggested 
that the exact value of the residual friction coefficient could 
not be calibrated from the available deposits, and there was 
no further available record, such as the duration of the Hong-
shiyan landslide to help in deriving the actual residual fric-
tion. For these reasons, it should be noted that there could 
be some discrepancies between the actual and the computed 
velocities.

Conclusion

Based on the available field data, the kinematic behavior of 
the Mw 6.5 Ludian earthquake-triggered Hongshiyan land-
slide was analyzed using the discrete element method. The 
material compositions of the landslide dam were interpreted 
to facilitate evaluations of slope stability and internal stabil-
ity of the landslide dam.

The simulation results showed that for the landslide sit-
ting in a deep V-shaped valley with constrained movement 
and steep slip surface gradient, the bond strength (strength 
of the intact rock mass) played a more influential role than 
the residual friction coefficient (residual friction between 
detached rock mass) in the kinematic behavior of the land-
slide. The effect of residual friction coefficient on the depo-
sition under these circumstances was less significant as 
compared with most of the previous reported earthquake-
triggered landslides.
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The simulation results also showed that the rock blocks 
were scarcely decomposed during sliding. The decompo-
sition of the detached mass was mainly controlled by the 
development of joints and fissures. The original locations of 
the depositions can be predicted by simulation, and the grain 
size distribution can be deduced qualitatively according to 
the development of the joints and fissures prior to the failure.

This case study proved that, with a proper field data 
calibration, discrete element method can be a powerful 
tool to investigate the dynamic process of a landslide. 
The simulation was useful for understanding the material 

compositions of the landslide dam, especially for the mate-
rials which were deeply buried and difficult to be extracted 
from site investigations.

It should also be noted that there were limitations asso-
ciated with the 2D modeling, such as the lateral spreading 
of the deposition was neglected, and it was difficult to 
present the grain size distribution quantitatively. A more 
complex 3D modeling is recommended for improving the 
results with the consideration of lateral spreading during 
the deposition processes.
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Fig. 18  Variations of displacement in x (horizontal) direction with time
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