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Failure mechanism and sedimentary  
characteristics of a catastrophic rockslide  
avalanche induced by the 2008 Wenchuan 
earthquake

Abstract  The infrastructure construction in tectonically active 
mountainous areas is faced with the threat of earthquake-induced 
rockslide-avalanches. We took the Woqian rockslide-avalanche 
induced by the Wenchuan earthquake near the Qinchuan active 
fault, Southwestern China as an instance to elucidate a unique ini-
tiation mechanism of the inward inclined bedding slope, which 
had a characteristic of twice destabilization in succession. The 
high-resolution satellite images, UAV aerial photography, field 
investigation, and numerical simulation were conducted to reveal 
the failure processes. The results suggested that (1) the long-term 
headward erosion of the gully runoff had locally exposed the 
unconformity contact plane within the strata, which evolved as a 
part of the sliding plane; (2) the seismic loading produced a rapid 
shear strain increment on the unconformity plane; (3) the brit-
tle rupture occurred along the sliding plane at the bottom of the 
sliding source I developed at 6 s after the seismic wave arrival; (4) 
as a “resistance barrier”, the sliding source I first collapsed and 
most of it accumulated at a short distance; (5) the sliding source II 
subsequently slid along the apparent dip of the bedding plane and 
then entrained the deposits of the source I  into a catastrophic rock 
avalanche. The failure mechanism of such carbonaceous bedding 
slopes with similar geological conditions could provide an insight 
into the early risk recognition of potential rockslides and the safe 
site selection of infrastructures.

Keywords  Earthquake-induced rockslide · Rockslide-avalanche · 
Failure mechanism · Carbonate rock · Finite difference method

Introduction

As one type of highly energetic and dangerous geological disas-
ter, co-seismic rockslide-avalanches in alpine-canyon areas are 
extremely dangerous in terms of huge volume, tremendously high 
velocity, and long-runout (Keefer 1984; Hungr 2006; Pudasaini and 
Miller 2013; Wang et al. 2013; Liu et al. 2020). In Sichuan Province, 
China, the co-seismic rock avalanches induced by the M 7.9 Wen-
chuan earthquake on 12th May 2008 caused severe casualties and 
property losses within 20 km distance of the seismogenic Long-
menshan thrust fault (Qi et al. 2010; Gorum et al. 2011).

Previous work attributed the failure of co-seismic rockslides to 
groundwater (Wang et al. 2013), geology (Roback et al. 2018; He et al. 
2021), structural features of rock masses (Hungr et al. 2014; Stead 
and Wolter 2015; Wang et al. 2021; He et al. 2022), direct thrust force 

of the hanging wall of seismogenic faults (Dai et al. 2011), energy 
release along with co-seismic surface ruptures (Xu and Xu 2014; 
Kargel et al. 2016; Gombert et al. 2019; Vanani et al. 2021), strong 
seismic acceleration (Sun et al. 2011; Kargel et al. 2016; Wang et al. 
2019b), wave amplification effect (Mahani and Kazemian 2018; 
Wang et al. 2018), or progressive seismic fatigue of rock masses 
(Oswald et al. 2021). However, due to the complicated geological 
environmental setting and various influencing factors, the failure 
mechanisms of co-seismic rockslides are very different and still 
poorly understood (Petley 2013; Fan et al. 2019; Wang et al. 2020; 
Zhang et al. 2021). Probing into the failure mechanism of rockslide 
for specific areas is a prerequisite for risk area zoning, appropriate 
precautions, possible mitigating strategies and proper treatment 
(Pudasaini and Miller 2013; Lin et al. 2018; Wang et al. 2019a; Zhang 
et al. 2021).

With the development of numerical simulation technologies, the 
dynamic response and failure process of co-seismic rockslides have 
been studied in detail by means of the finite difference method 
(FDM) and discrete element method (DEM) (Yin et al. 2015; Liu 
et al. 2020). The FDM involving FLAC3D has the ability to simulate 
the progressive rupture without any prior assumptions about where 
and how a crack and failure will occur (Gong and Tang 2017). The 
DEMs involving the DDA, 3DEC and PFC3D can reflect the charac-
teristics of large deformation, fragmentation and flow occurring in 
the sliding process (Fan et al. 2019; Lin et al. 2019; Zhang et al. 2019, 
2021). However, the critical sliding plane was not easily determined 
by the DEMs, which required exact constructions and local densi-
fication of the structural planes (Liu et al. 2020). FLAC3D software 
with explicit Lagrangian algorithm and hybrid discrete partition 
technique can accurately simulate the plastic failure of rock masses 
and rapidly judge the position of the critical sliding plane (Yin et al. 
2015). Promisingly, the discontinuous deformation and displace-
ment (DDD) method can capture the whole slope-failure process, 
including not only the crack initiation, propagation, and coales-
cence processes in the small deformation stage but also the block 
movement in the large displacement stage (Gong and Tang 2017).

In this study, the characteristics of the Woqian rockslide-avalanche 
(WRA) located in western Sichuan triggered by the 2008 Wenchuan 
earthquake are presented. Field investigations were performed to 
determine the geological setting and the deposits geomorphology on 
March 2010 and January 2011. Optical satellite images and unmanned 
aerial vehicle were selected to obtain high resolution images and pro-
duce the zoning of the WRA. The numerical simulation by FLAC3D 
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was conducted to explore the initial deformation and failure process 
of the sliding planes subjected to the seismic load. The knowledge 
learned from this case, indeed, provides an insight on the site selec-
tion and early warning against the co-seismic rockslide-avalanches.

Methods

Visual interpretation based on satellite images

Firstly, the pre- and post-sliding topographical evolution of the rock-
slide (1 February 2006 and 26 December 2009) was analyzed by high-
resolution satellite images with 5 m resolution from Google Earth. 
For instance, the area of the main scarp and the sliding plane, the 
eroded grooves and the boundary of the deposits can be accurately 
obtained from the images. Additionally, the digital elevation model 
of the numerical simulation was established based on elevation data.

UAV and field surveys

Secondly, the sliding plane, streaks on the exposed bedrock of the 
main scarp and deposit characteristics along the path were inves-
tigated by UAV aerial photography and field investigation. Thirdly, 
the statistical analysis of particle sizes on the surface of the deposits 
along the flow path was carried out by the tapeline measurement 
and image recognition technology.

Numerical simulation by FLAC3D

Based on topographic data before the landslide and mechan-
ics parameters tests of the rock, the geological model of slope is 
established by FLAC3D (Itasca Consulting Group, Inc 2018) to 
simulate the failure process of the WRA. The different groups rep-
resent the sliding masses and the bedding rock, which are sepa-
rated by the sliding plane composing of the unconformity contact 

plane, bedding plane and tensile scarp. Continuum materials in 
the model are considered to behave as elastic-perfectly-plastic. The 
Mohr–Coulomb criterion is applied to control the failure envelope 
of the rock masses and the sliding plane. The seismic accelerations 
with 0.02 s intervals and 150 s duration obtained from the nearest 
seismograph station were used as input data. The local damping 
ratio of the model is arranged as 0.05.

Study area

Overview of the WRA​

Induced by the Wenchuan Earthquake, the 12 × 106 m3 Woqian rock-
slide avalanche (WRA) with a geographic coordinate of 104.9596 
E, 32.3060 N, originated near the mountain summits, transported 
2050  m along the sinuous gully and ultimately destroyed the 
Woqian village, causing 38 deaths (Tang et al. 2011; Dai et al. 2011). 
The WRA is situated on the Shikan fault as a western branch of the 
Qingchuan fault (Figs. 1 and 2), which is a NE strike slip-thrust fault 
with a dip angle of 60°. Activated by the Wenchuan earthquake, a 
60-km-long surface rupture along the Shikan fault characterized by 
road dislocation, water-gushing, sand liquefaction and intensively 
distributed landslides was produced (Sun et al. 2015). Compared 
with the landslide distribution along the two faults, the concen-
trated release of strain energy stored in the rock mass along the 
surface rupture was considered as a crucial factor triggering the 
WRA (Fig. 2). The monitoring station in Hanzeng town, 64 km away 
from the WRA, measured the peak ground accelerations during the 
earthquake as 519.5 gal (east–west), 350.1 gal (north–south) and 
444.3 gal (up-down).

Geomorphic characteristics of the WRA​

The geomorphological pattern of the rockslide area was the alpine-
gorge landscape. Before the WRA, the Woqian village was located 

Fig. 1   Location of the WRA, 
approximately 211 km from 
the epicenter
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at the gentle outlet of the sinuous gully (Fig. 3a). The elevations 
of the watershed and outlet of the gully were 1875 m and 1270 m 
respectively with a relative elevation difference of 605 m. The slope 
was covered with dense vegetation and had no obvious crack on 
the slope surface. The source area of the WRA from 1590 m to 
1875 m was the upper catchment area of the gully, which was deeply 
incised by ditches and tightly constricted by lateral mountain ridges 
(Fig. 3a). After the two sources of the WRA sequentially initiated 
from the east-facing steep slope near the summits, a chair-like main 
scarp approximated 60° along while a N–S trending ridge was pro-
duced (Fig. 3b).

The plane shape of the WRA was like “silver carp”, which can 
be chopped up into the source area, scattering area, acceleration 
area, transportation area and accumulation area from top to bottom 
(Fig. 4). The whole horizontal travel distance of the WRA was about 

2050 m, the vertical drop was 605 m, the equivalent coefficient of 
friction was 0.22 (Fig. 5). The area of deposits was about 6 × 105 m2, 
the average thickness was about 20 m, and the total volume was 
about 12 × 106 m3. The thickness and the gradient of the deposits in 
different areas are shown in Table 1.

According to Table 1, the thickness and the slope of deposits in 
the sources area were maximum and second-lowest respectively, 
which is very different from the thicker tendency of the deposits 
from the source to the terminus of the co-seismic rockslide ava-
lanches during the Wenchuan earthquake, such as the Daguangbao 
landslide (Cui et al. 2021), Donghekou landslide (Sun et al. 2011), 
Wenjiagou landslide (Zhang et al. 2016) and Xiejiadianzi landslide 
(Dai et al. 2011). It was inferred that the sliding masses were partly 
blocked after initiation or the slide masses accumulated twice 
on the source area. Namely, the rock masses of the source I were 

Fig. 2   Densely distributed 
landslides along the 60 km 
surface rupture of the Shikan 
fault. The landslide inventory is 
derived from Xu et al. (2014)

Fig. 3   Pre- and post-event 
satellite imagery of the WRA 
with a resolution of 5 m ( © 
Google Earth). a. initial topog-
raphy of linear fault valley and 
compressive ridges before 
the WRA, joint set J1 (dip 40°, 
dip direction 80°) subparal-
lel to the N-S mountain ridge 
became the rear boundary of 
the sliding source. b. distri-
bution characteristics of the 
deposits of the WRA and two 
lateral deep-cutting grooves 
along the gully showing two 
sliding paths
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Fig. 4   Zones of the WRA and the two sliding paths: the blue and the orange arrows respectively represent the sliding route of the source I 
and II

Fig. 5   Geological profile (a-a’) of the WRA (modified after Tang et al. 2011)
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momently stopped during collision with the topographic depres-
sion and deposited at the scarp toe. The rock masses of the source 
II subsequently destabilized and entrained the deposits.

Stratum and lithology

Through the field investigation, the stratum from the top to the 
bottom in the WRA area is siliceous dolomite and limestone 
belonging to the Shuijing Formation of the Sinian period (Zs

1) 
and phyllite and siliceous slate belonging to the Qiujiahe For-
mation of Cambrian period (∈ q). The two strata have a parallel 
unconformity contact. The bedding plane and two joint sets of 
phyllite and siliceous slate were 300°∠17°, 183°∠62° and 85°∠87° 
respectively. The bedding plane and three joint sets of the lime-
stone were 340°∠20° (inward slope), 80°∠40°, 340°∠47° and 
56°∠75° respectively (Fig. 3a). Due to the tectonic compression 
and the weathering, the siliceous dolomite and limestone on the 
main scarp appeared very fragmented and the unloading frac-
tures densely developed.

According to the lithology observation of the deposits, it was 
found that the deposits primarily consisted of a large amount of 
siliceous limestone and a small amount of phyllite (Tang et al. 2011; 
Dai et al. 2011). It is worth mentioning that the siliceous limestone 
can easily break up along the structural planes to be sheet or chunk 
by a hammer (Fig. 6a), but the phyllite with thin-layer structure did 
not react in the same way (Fig. 6b).

Geomorphic characteristics of the WRA​

Source area

The source area with 1590–1875 m in elevation can be divided into 
I and II areas based on the discontinuous step-shaped sliding 

planes and scarps (Fig. 7). According to the vertical striations on 
the bedrock in the middle of the source area I (Fig. 8a), it was 
inferred that the source I firstly collapsed downwards under the 
strong earthquake. The sliding plane of the source I could be 
the unconformity contact interface of the limestone and phyllite 

Table 1   Terrain features of the 
deposits of the WRA​

Motional area Length (m) Width (m) Elevation (m) Thickness of 
deposit (m)

Slope of 
deposit 
(°)

Source area 500 470 1630–1870 10–30 7

Scattering area 400 160 1500–1600 5–10 18

Acceleration area 450 350 1500–1630 14–17 22

Transportation area 550 250 1370–1500 14–27 11

Accumulation area 550 170 1270–1370 14–23 4

Fig. 6   Lithology of the depos-
its. a Angular fragmented sili-
ceous dolomite and limestone 
on the surface of the deposits, 
which can be easily broken 
into chunks or thin layers by a 
hammer. b Phyllite with higher 
strength sporadically distrib-
uted on the surface of the 
deposits, accounting for 5% of 
the deposit area

Fig. 7   Failure mechanism of the sources I and II. The sliding direc-
tions of the sources were the inclination of the unconformity contact 
interface and the apparent dip of the limestone strata respectively. 
The source I as a “key resistance block” determined the overall stabil-
ity of the WRA​
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(Fig. 5). The main scarp of the source area I was 180 m high  
and 500 m wide with the occurrence of 90–120°∠53–65°, which 
developed from the joint set J1 and unloading fissures. According 
to the inclined striations on the smooth bedrock at the right part 
of the source area I (Fig. 8b), it was inferred that the source II 
slid along the apparent dip of the limestone bedding plane and 
rubbed the main scarp of the source area I. The main scarp of 
the source II was 160 m high and 370 m wide with the occurrence 
of 340°∠47° (Fig. 3).

Scattering area

The scattering area was located on the slope of the right ridge 
beyond the gully (Figs. 3b and 4). Due to the low-intensity collision 
between the low-velocity and relatively intact sliding masses from 
the sliding source I and the right ridge, large-size rock fragments 
were produced and distributed on the scattering area and the upper 
stream of the acceleration area (Fig. 9). Significantly, because of the 
barrier effect of the right ridge, the volume and total kinetic energy 
of the sliding masses reduced to some extent.

Acceleration area

The post-landslide topography of the acceleration area was charac-
terized by an armoured hump in the middle and two new-emerged 
grooves on both sides, which was possibly produced by the fierce 
entrainment of the sliding masses (Fig. 3b). On the hump, the origi-
nal stratigraphic structure was well-preserved and the fragments 
with a diameter of 2–5 m accounted for approximately 53% area 
(Figs. 9 and 10). The two deep incised grooves were covered by 
relatively finer particles (0.1–1 m).

The phenomenon that the left groove was deeper than the right 
one indicated the sliding masses from the source II possessed 
greater sliding velocity, impact energy and erosional competence. 
Significantly, given the multiple collisions between the sliding 
masses and gully banks, the rockslide was pulverized and trans-
formed into a rapid rock avalanche. The sliding direction of the 
sliding masses from the source I turned to 60°NE from the initial 
85°NE after impacting with point A (Fig. 3b). The sliding direction 
of the sliding masses from the source II turned to 70°NE from the 
initial 40°NE after impacting with point B (Fig. 3b).

Fig. 8   Main scarp of the WRA 
(camera position P2 in Fig. 4). a 
Vertical striations (yellow lines) 
on the bedrock of the source 
area I indicating the sliding 
direction of the source I. b 
Inclined striations (blue lines) 
on the bedrock of the source 
area I indicating the sliding 
direction of the source II

Fig. 9   The sliding masses 
scraped the crown of the right 
mountain ridge and scattered 
on another side slope (camera 
position P4 in Fig. 4)
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Transportation area and accumulation area

The geomorphic characteristics of the transportation area were 
the same as the acceleration area (Fig. 10a). Controlled by the nar-
rowing topography of the gully, the two sliding masses converged 
rapidly and further fragmented. As a result, the avalanche squeezed 
out the narrow section toward point C (Fig. 4) leaving obvious stria-
tions on the gully banks (Fig. 11a). Additionally, an NNE-trending 
linear escarpment in the deposits from the source I, just perpen-
dicular to the sliding path (Fig. 11a), was generated by the erosion 
of the sliding masses from the source II.

The accumulation area was the residential area of the Woqian 
village, which was not spared as the high-speed avalanche exceeded 
super-elevation in the gully bend. Because of the entrainment and 
fragmentation of the avalanche, the fine-particle proportion of 
the deposits in the accumulation area was higher than the one in 
other areas. It is noteworthy to mention that blocks with diameters 
greater than 3 m appeared on the surface of the deposits underlain 
by much finely fragmented debris (Fig. 11b).

Particle size of the surficial deposits

Although the morphological features, such as surface landforms 
and deposit size order, are significant for revealing the transpor-
tation mechanism and the fragmentation degree of the rock ava-
lanches, opportunities to closely examine the internal fragments are 
impossible. Alternatively, the particle size on the deposits’ surface 

can provide an insight into the degree of fragmentation. According 
to the statistical results at different sites by careful measurements 
(Fig. 12), abundant granular fragments appeared at the collision 
points and the deposits rarely well-preserved original stratigraphic 
sequence. As shown in Fig. 12, the boulders larger than 1 m at the 
points S1, S2, S3, S4, S5, S6 accounted for 91.0%, 74.9%, 52.5%, 63.9%, 
80.5% and 27.5% respectively.

Comparing the particle sizes of the surface deposits at the 
points S1 and S2 (Fig. 12), the relatively short sliding distance of 
the source I and the barrier of the original depression (Fig. 3a) 
produced lower fragmentation degree at the point S1. Therefore, a 
hump covered by large boulders was formed at the proximal end 
(Fig. 3b). The enlarged gravity energy of the source II due to the 
generated cliff after the detachment of the source I and the larger 
impact angle aligned with the sliding plane of the source II (Fig. 7) 
can be responsible for the intense fragmentation at the point S2. By 
comparing the particle size distribution of the deposits at points 
S3 and S4 with the similar sliding distance (Fig. 12), the smaller 
the impact angle (the angle between the sliding direction and the 
normal direction), the higher the degree of fragmentation.

Over all, with the increase of the sliding distances of the source 
I (S1-S4-S6) and the source II (S2-S3-S6), the fragments smaller 
than 1 m gradually increased and the fragments larger than 1 m 
gradually reduced (Fig. 12). Notably, sudden increase of the diam-
eter of the fragments at the point S5 (Fig. 12) could be caused by 
the rapid convergence of two avalanches at the narrow section 
of the gully and sieving effect of the undulant ground (Wang 

Fig. 10   Geomorphic characteristics of the WRA. a A 50  m wide 
groove produced by the scouring and entraining the sliding masses 
from the source II (camera position P3 in Fig.  4). b A hump in the 

middle of the deposits and a new-generated groove on the left; the 
blue and the orange arrows respectively represent the two sliding 
paths (camera position P1 in Fig. 4)

Fig. 11   Accumulative 
characteristics of the WRA. a 
Striations on the gully banks 
(camera position P5 in Fig. 4). b 
Blocks with diameters greater 
than 3 m at the trimline of 
the deposits (imaged by 
Qingchuan Land Bureau, P6 in 
Fig. 4)
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et al. 2015). The topographic jamming effect at the narrow gully 
could cease a portion of the large fragments (Huang et al. 2021) 
and the vibration-induced sieving could push the large fragments 
upwards on the deposit surface. Therefore, the combined action 
of the shear-induced and impact-induced fragmentation can be as 
a reasonable explanation for the particle size distribution of the 
deposit (Zhang et al. 2019).

According to the discontinuous step-shaped sliding planes 
(Fig. 7), the different occurrences of striae on the bedrock in the 
main scarp scratched by the sliding masses (Fig. 8), the eroded 
flowing paths in the high-resolution satellite image ((Fig. 3b), 
the topography characteristics of the deposits (Fig. 12), the fail-
ure mechanism of the source was speculated as a twice destabi-
lization in tandem with several seconds interval. The source I 
destabilized along the unconformity contact interface induced 
by the strong seismic force. The source II subsequently caused an 
apparent dip sliding along the inclined bedding plane because of 
the traction of the destabilized source I and the ongoing seismic 
force.

Numerical simulation of the WRA​

The model with 1600 m length, 1050 m width and 625 m height was 
constructed by FLAC3D based on the aerial survey data (Fig. 13). 
The group in purple, red and blue represents source I, source II, and 
sliding bed, respectively. The model was discretized into 139,604 
tetrahedral elements. The bottom of the model is a static bound-
ary and the four sides are free field boundaries. The seismic accel-
erations (Fig. 14) are decomposed and synthesized along with the 

strike and dip directions of the slope. The mechanical parameters of 
limestone (sliding masses) are shown in Fig. 15 and Table 2. Because 
the Mohr–Coulomb strength criterion can reflect the shear failure 
and tensile failure of the rock masses under the seismic loading, 
it was adopted to simulate the geomechanical behavior and failure 
modes of the sliding masses and sliding plane. According to Mohr’s 
circle graphic method, the shear stress τ and the normal compres-
sive stress σ can be represented as the following functions of the 
minimum principal stress σ3 and the maximum principal stress σ1:

Fig. 12   Sampling positions 
and proportion of particle size 
on the deposits’ surface, which 
indicated the fragmentation 
degree

Fig. 13   FDM-based simulation model and monitoring points

32



 Landslides 20 · (2023) 

According to the Coulomb failure criterion ( � = c + � tan� ), 
the element will cause shear failure while the stress condition 
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Eight monitoring points were set on the source areas to record 
the velocities, displacements and maximum shear strain increments 
of the original slope under the seismic accelerations. Due to the 
time-consuming calculation of the large-volume multi-grid model, 
the running was ceased after significant deformation of the source.

The displacements and maximum shear strain increments of 
the WRA during the earthquake are illustrated in Figs. 17, 18, and 
19. With seismic waves propagating in the model, the displacements 
increase gradually from the toe to the rear of the source I. When t 
reaches 6 s, the displacements of the sources I and II were 34 m and 
0 m (Fig. 17b), the maximum principal strain increments were 67% 
and 0% (Fig. 18b), respectively. Moreover, the obvious shear crack at 
the front and tensile crack at the rear of the source I appeared, the 
source completely disintegrated and began to move on a large scale 
(Figs. 17b and 18b). When t reaches 30 s, the maximum displacement 
of the sliding source I approximates 208 m (Fig. 17f).

As shown in the Fig. 19, the shear displacement of the sliding plane 
under the source I rapidly increased from 5.3 m at the t = 2 s to 149.1 m 
at t = 30 s, in which the one under the source II slowly increased. The 
ruptures at the main scarp and the left margin firstly occurred at 
t = 2 s (Fig. 19a). By comparing the shear deformation degree of differ-
ent areas of the sliding surface, it can be seen that the source I initially 
destabilized and rapidly slid, but the source II deformed slightly.

According to the accumulative displacements and maximum 
strain increments of the monitoring points (Figs. 20 and 21), the 
source I represented by the monitoring points 1, 3, 4 and 7 totally 
destabilized and the source II represented by the monitoring points 
2, 5, 6 and 8 slightly deformed till 30 s. The results indicated that the 

Fig. 14   Acceleration records from a seismograph station in Hanzeng town, 64 km away from the WRA. The peak accelerations were 0.519, 
0.350, and 0.444 g in the EW, NS, and vertical directions, respectively

Fig. 15   Fracture localization and flying fragments of brittle lime-
stone under uniaxial compression

Table 2   Physical and 
mechanical parameters of the 
bedrock, sliding masses and 
sliding plane

Lithology Density
(kg/m3)

Elasticity 
modulus
(GPa)

Poisson rate Internal 
friction 
angle
(°)

Cohesion
(kPa)

Normal 
stiffness
(MPa/m)

Shear 
stiffness
(MPa/m)

Sliding masses 2600 30 0.30 35 10

Bedrock 2600 60 0.22 50 50

Sliding plane 15 10 100 100
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deep-cutting gully provides enough motional space for sliding and 
the ridge act as a barrier. Moreover, the sliding plane of the source 
I dipping outward the slope and the sliding plane of the source II 
dipping inward slope play a crucial effect on the failure process.

Discussion

Coupling effect of the alpine‑gorge topography, 
co‑seismic surface rupture and brittle carbonate strata on 
earthquake‑induced rockslide

The combined condition of the alpine-gorge topography with deep-
incised gullies, carbonate bedrock with brittle failure characteris-
tic and strong seismic loading concentrating along the co-seismic 

surface rupture should be responsible for the catastrophic Woqian 
rockslide avalanche. The undercut and retrogressive erosion of 
the runoff from the long-term precipitation in the catchment area 
of the gully could expose the unfavorable structural planes and 
deteriorate the quality of the carbonate bedrock. In addition, the 
strain energy stored in rock masses was released centrally along 
the co-seismic surface rupture that can cause the seismic waves 
amplification to the nearby slopes (Kargel et al. 2016).

Accordingly, the spatial distribution characteristics of co-seismic 
landslides triggered by the M 7.9 Wenchuan earthquake, M 7.0 Lushan 
earthquake and M 7.0 Jiuzhaigou earthquake in southwest China, the 
rockslides concentrated in carbonate rocks (Gorum et al. 2010; Chang 
et al. 2021). This can be attributed to the generated dissolved cracks 
by the long-term precipitation and the brittle failure characteristics 
of carbonate rocks (Gorum et al. 2011; Vanani et al. 2021).

After the Wenchuan earthquake, as of June 16, 2022, 13 earth-
quakes of magnitude > 6.0 have occurred along the Longmenshan 
seismogenic fault (data from China Earthquake Administration). 
In the southwestern region of the Longmenshan seismogenic fault, 
the M 6.1 Lushan earthquake and the M 4.5 Baoxing earthquake 
happened at 3-min intervals on 1 June 2022. In addition, ten earth-
quakes with a maximum magnitude of 6.0 and a minimum of 3.0 
occurred in Maerkang City on June 10, 2022, which is the inter-
section region of Longmenshan fault and Xianshuihe fault. The 
Qinchuan fault, as the northeastern branch of the Longmenshan 
seismogenic fault, has a high possibility to reactivate and cause 
earthquakes in the future. In addition, the long-term effects of the 
previous earthquakes, involving the shatter effect and strength 
deterioration effect will continue to affect the stability of slopes. 
Therefore, the risk of new landslides in strong earthquakes areas 
as the main engineering geological problems in Sichuan still needs 
continuous attention.

Through the case study, the generalized conclusion that the car-
bonate strata in gully catchment area near the fault is the highest 

Fig. 16   Schematic diagram of Mohr–Coulomb failure criterion (Itasca 
Consulting Group, Inc 2018)

Fig. 17   Contours of the displacements of the sliding masses
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risk area of earthquake-induced landslides was proposed, which 
will enable to deepen the understanding of other researchers and 
practitioners.

Initiation mechanism of the WRA​

Because the deep-undercutting ditches reduced the lateral restraint 
and partly uncovered the unconformity contact plane within the 
strata, the slope could continuously deform and creep in the past. 
Due to the strong seismic loading, the shear stress rapidly increased 
more than the shear strength of the sliding plane at the bottom 

of the source I and tension cracking occurred at the slope scarp 
(Fig. 18). Then, the source initially destabilized and slid. The geome-
chanical mode of the deformation and failure of the WRA was slid-
ing tension-shear failure.

After the source I as a resisting key block sliding away and pro-
ducing a new cliff, the source II caused an apparent dip sliding along 
the inward inclined bedding plane of the limestone. Normally, the 
apparent dip sliding rockslides are rare but could occur after the fail-
ure of the “key resistance block” under strong earthquake or artificial 
excavation (Zhang et al. 2016, 2019). Therefore, the delayed failure and 
secondary collapse of the main scarp should be kept in mind for the 

Fig. 18   Contours of the shear strain increments of the sliding masses at different time steps

Fig. 19   Accumulative shear displacements of the sliding plane at different time steps
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emergency rescue workers. However, accurately predicting the desta-
bilization time and collapse scale is still a challenging issue (Chang 
et al. 2022), requiring advances in remote monitoring technologies 
and artificial intelligence optimization algorithms for slope instabil-
ity analysis (Matsuoka 2019; Gong 2021; He et al. 2022).

Role of the numerical methods on the failure mechanism of 
rockslides

The state-of-the-art numerical simulation methods can investigate 
the progressive failure process and help us to predict risk region. 
However, the accurate results with satisfactory precision depend 
on multi-variables, such as the high-resolution DEM, clear loca-
tion and geomorphology of the sliding plane, reasonable physical 

and mechanical parameters of rock masses, suitable constitutive 
model and fracture criterion. Verifying the precision of the simu-
lated results was a very difficult task and needed enormous field 
data. According to  the newly generated grooves, the step-shaped 
sliding planes and sedimentary characteristics of the deposits, the 
simulated results by FLAC3D was receivable.

Conclusion

1.	 The Woqian rockslide was directly triggered by the seismic 
force of the Wenchuan earthquake and transformed as a high-
speed and long-runout rock avalanche. Based on the evidences 
of the different inclination striations on the exposed bedrock 
in the main scarp, the discontinuous step-shaped sliding 

Fig. 20   Accumulative displace-
ments of the monitoring 
points

Fig. 21   Maximum strain 
increments of the monitoring 
points
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planes, the two newly generated grooves, the topography char-
acteristics of the deposits, the failure mechanism of the WRA 
was determined as twice destabilizations of the sources in tan-
dem. The impact-induced fragmentation between the sliding 
masses and the banks and the shear-induced fragmentation 
between the sliding masses and the ground are the most prob-
able mechanism that can adequately explain the characteristics 
of the rock avalanche deposit.

2.	 The simulation results using FLAC3D indicates that when the 
earthquake reaches 6 s, the shear strain increment and dis-
placement of the source I was very large and the obvious shear 
crack at the front and tensile crack at the rear appeared. The 
results manifested that the source I was firstly destabilized 
during the earthquake and source II failed after the sliding 
of source I. The special twice destabilizations of the WRA can 
provide new insight into the brittle fracture mechanism of 
earthquake-induced landslides and will guide the prevention 
and mitigation of the landslides.

3.	 The carbonate rock slopes in the catchment area of the eroded 
sinuous gully near the active faults are areas prone to huge-
volume catastrophic rockslides under a strong earthquake. 
Moreover, the subsequent failure after the first rockslide and 
secondary collapse of the main scarp during the future earth-
quakes should be paid more attention during the geological 
investigations, risk assessments, rescue and mitigation works 
as well as the site selection of infrastructures.
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