
Landslides (2021) 18:2907–2921
DOI 10.1007/s10346-021-01701-w
Received: 23 January 2021
Accepted: 13 May 2021
Published online: 21 May 2021
© Springer-Verlag GmbH Germany
part of Springer Nature 2021

Xiaoyu Yi I Wenkai Feng I Huilin Bai I He Shen I Haobin Li

Catastrophic landslide triggered by persistent
rainfall in Sichuan, China: August 21, 2020,
Zhonghaicun landslide

Abstract At approximately 3:50 a.m. (UTC + 8) on August 21,
2020, a massive rainfall-induced landslide occurred in
Zhonghaicun, Fuquan town, Hanyuan County, Sichuan Province,
China, forming an approximately 40.85 × 104 m3 landslide accu-
mulation, burying eight houses and approximately 100 m of roads,
and causing long-term traffic interruptions. The landslide was
comprehensively evaluated through field investigation, UAV pho-
tography, borehole drilling, and laboratory tests. According to
movement and accumulation characteristics, the landslide is di-
vided into the main sliding zones (the source area, impact sliding
area, shoveling-accumulation area, and accumulation area) and
landslide-affected zones. The deformation and failure of the
Zhonghaicun landslide are related to the lithology (existence of a
weak interlayer), geomorphology (microrelief changes), and ante-
cedent rainfall. However, the main trigger of the landslide is
continuous rainfall, which increases the landslide saturation and
pore water pressure and reduces the mechanical strength of the
weak layer. The landslide failure mode is complex. The upper slope
is affected by rainfall and loses stability first. Under the impact of
the sliding mass, sliding of the lower slope is triggered. This study
of the Zhonghaicun landslide characterizes the evolution process
of a complex rainfall-induced landslide and provides ways to
mitigate landslide disasters.
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Introduction
Landslides are a common geological disaster and occur widely
globally. The occurrence of landslides depends on many factors
closely related to local conditions (such as topography, geological
structure, and lithology), meteorological and hydrological condi-
tions, and geophysical processes. Landslides can be triggered by
rainfall (Fan et al. 2017a; Li et al. 2019), reservoir water (Yin et al.
2010; Tang et al. 2019), flood (Bhardwaj et al. 2019; Bezak et al.
2020), ice melting (Kotlyakov et al. 2004), earthquake (Yin et al.
2011; Shrestha and Kang 2019), and human engineering activities
(Zhang et al. 2012; Ma et al. 2019a), and sometimes a combination
of the above factors (Fan et al. 2017b; Yu et al. 2020). Previous
studies show that rainfall is the most active and changeable natural
factor among many variables and is one of the main factors
inducing landslides (Emanuel 2005; Guzzetti et al. 2007).

In August 2020, continuous heavy rainfall occurred in Hanyuan
County, Sichuan Province, China. At approximately 3:50 a.m. on
August 21, 2020 (UTC + 8), a large-scale landslide occurred in
Zhonghaicun, Fuquan town, Hanyuan County, following several
days of rainfall (N29°20′30″, E102°41′39″) (He et al. 2020). The
landslide broke away from the slope at an average elevation of
1030 m and started sliding. Along its path, the landslide hit and
scraped the loose deposits on the initial slope until its front edge

moved to the Liusha River at an elevation of 850 m, and the
landslide stopped moving when contiguous houses blocked it.
The landslide damaged eight houses and caused traffic disruption
on the S435 highway (Fig. 1). Although the local government took
evacuation measures before the landslide, due to the lack of
understanding of the disaster mechanism and management negli-
gence, the landslide disaster still caused seven deaths, and two
people went missing.

After the landslide, the Sichuan Provincial People’s Govern-
ment immediately launched a rescue operation. To explore the
causes of this catastrophic landslide, researchers arrived at the
landslide disaster site on August 23. They conducted a compre-
hensive study through field investigation, unmanned aerial vehicle
(UAV) photography, and laboratory tests after completing on-site
emergency rescue work. The drilling data and monitoring data
after the landslide were also analyzed in detail. Based on the above
work, the characteristics and failure mechanism of the
Zhonghaicun landslide were analyzed. The case study in this paper
provides ideas for the in-depth study of complex landslides in-
duced by rainfall. The information provided in this paper can help
to prevent and reduce the casualties and property losses caused by
landslides in Southwest China.

Geological settings
The study area is located in Fuquan town, Hanyuan County,
Sichuan Province, on the left bank slope of the Liusha River, a
tributary of the Dadu River, 310 km away from Chengdu, the
capital of Sichuan Province (Fig. 2). Hanyuan County has a sub-
tropical monsoon climate with an annual average temperature of
18.0 °C. The observational rainfall data from the local rain gauge
(Fig. 2) are shown in Fig. 3. Beginning on August 7, the region
experienced many heavy rainfall events. Before the landslide, the
cumulative precipitation in August was 266.1 mm, 104.8 mm more
than the highest value of 161.3 mm (June) from May to July in the
same year, and 124.6 mm more than the average value of the same
period in previous years. The antecedent rainfall at that time could
have played a vital role in landslide damage.

The landslide is located in low- to middle-elevation mountains
with a slope dipping north at an average angle of 16°. Four levels of
gentle slope platforms are developed in the landslide area, forming
topography with alternating steep and gentle slopes (Fig. 4). The
highest elevation of the landslide source area is approximately
1030 m, and the landslide toe is located on the left bank of the
Liusha River, at approximately 850 m, with a relative height dif-
ference of 180 m. All these features provide favorable geomorphic
conditions for slope instability.

According to the field investigation, borehole data, and a
1:200000 geological map (Geological Bureau of Sichuan Province,
1971), the lithology of the landslide primarily consists of the over-
lying Quaternary-Holocene accumulation of eluvium silty clay
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(Q4
el + dl) and the underlying bedrock of the Neogene-Quaternary

Xigeda Formation (NQx). The eluvial and slope silty clay is ap-
proximately 0.5–4.0 m thick, yellowish-brown, and loose, and the
gravel content is generally 10–25%. The Xigeda Formation is main-
ly grayish-yellow siltstone intercalated with thin claystone and
carbonaceous claystone. Due to the short diagenetic time, the

completely weathered stratum in the Xigeda Formation is 5–20
m thick and has a loose structure similar to soil.

Deformation history
In August 2020, the rainfall in Hanyuan County was higher than
that in previous years (Fig. 3). On August 19, 2020, local observers

Fig. 1 Images of Zhonghaicun before and after the landslide: a Google Earth image before the landslide (May 14, 2018); b digital orthophoto map (DOM) from the
unmanned aerial vehicle (UAV) after the landslide (August 21, 2020)

Fig. 2 The Zhonghaicun landslide and rain gauge location
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found several tensile cracks in the landslide’s rear crown (Fig. 5a,
b, c, e, and h), with an extension length of approximately 2.0–8.0 m
and dislocation depth of 5.0–30.0 cm. On the morning of August
20, 2020, observers discovered a new tensile crack at the crown of
the landslide (Fig. 5d), with an extension length of approximately
8.0 m and a dislocation depth of 2.0 m. Additionally, the observers
found an increase in the extension length and width of the crack
shown in Fig. 5e, with a dislocation depth of 2.5 m (Fig. 5d). In the
afternoon on August 20, 2020, to avoid the possibility of heavy
casualties from the landslide, the Fuquan town government orga-
nized to evacuate 55 residents from 14 nearby households. On
August 21, 2020, at approximately 3:50 a.m., a landslide occurred
(Fig. 5e and h), and nearby residents heard a violent sound and felt
the ground shaking. The process lasted for approximately 1 min.
Unfortunately, some residents did not comply with the evacuation
regulations and returned to their homes without permission, so
the landslide caused casualties.

Characteristics of the landslide
The highest elevation of the Zhonghaicun landslide crown is
1030 m, and the lowest elevation of the landslide toe is 850 m.
Affected by the terrain on the landslide path, the sliding
direction changes from 25 ° to 355 °, and the final accumula-
tion shape is irregular. According to the elevation change and
geomorphic characteristics of the Zhonghaicun landslide, the
main sliding zones and the landslide-affected zones can be
distinguished (Fig. 6). The former can be divided into the
source area (Zone A), impact sliding area (Zone B),
shoveling-accumulation area (Zone C), and accumulation area
(Zone D). There are three landslide-affected zones: one is the
traction deformation area (Zone I) affected by the source area
(Zone A), and the other two are the impact-traction deforma-
tion areas (Zone II-1 and Zone II-2) affected by the source
area (Zone A) and impact sliding area (Zone B), which are
located on both sides of Zone B.

Fig. 3 Daily rainfall and monthly cumulative rainfall recorded by rain gauges near the Zhonghaicun landslide

Fig. 4 Three-dimensional topographic maps of the landslide area
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Major sliding zones

Source area (Zone A)
The source area (Zone A) is between 990 and 1030 m, with a
relative elevation difference of 40 m (Fig. 7a). The source area is
65–140 m wide and 100 m long, and the deposit area is approxi-
mately 1.2 × 104 m2. According to the drilling data, the sliding
surface depth is approximately 15.0–27.5 m, and the landslide
volume of the source area (Zone A) is 27.0 × 104 m3.

The upper part of the source area is the level-1 gentle slope
platform, and the crown and the boundary on both sides of the
source area form a ‘round-backed armchair’ landform (Fig. 7a, b,
and c). The height of the main scarp is approximately 5–14 m, and
the slope is approximately 60°–80° (Fig. 7d). The sliding scratches
on the sliding zone are clear, and the direction of the scratches is
consistent with the sliding direction (Fig. 7e). Due to the source
area’s instability, most of the sliding material (~ 18 × 104 m3)
moved downward and accumulates in the middle and lower parts
of the slope, and some of the sliding material (~ 9.0 × 104 m3)
remained in the middle and lower parts of the source area (Fig.
7a).

After the landslide, an inclinometer was installed in the Z01
drill hole in the source area (Figs.6b and 7a). The displacement
data show that a new sliding surface is gradually formed at 9.5 m,

and the maximum displacement was 4.5 cm (Fig. 8). In the future,
rainfall may cause the landslide deposits of the source area to
slide.

Impact sliding area (Zone B)
The impact sliding area (Zone B) is located below the source area
(Zone A) at elevations of 940–990 m. The plane shape is approx-
imately zonal, and the area is approximately 1.5 × 104 m2 (Fig. 9a).
Before the landslide, the upper part of the area was a level-2
platform with a slope of approximately 10°. Under the impact load
of loose accumulation in the source area (Zone A), sliding failure
occurred in the impact sliding area (Zone B). After the failure of
the impact sliding area (Zone B), a landslide scarp (Fig. 9b and c)
with an elevation difference of 7–14 m was formed on both sides.
During the field investigation, a residual sliding zone was found
near the right scarp. After removing the clay with a high gravel
content on the surface, a smooth mudded sliding zone with a
thickness of approximately 2 cm can be seen (Fig. 9d).

Shoveling-accumulation area (Zone C)
The shoveling-accumulation area (Zone C) ranges from 940 to 870
m, with an elevation difference of approximately 70 m and an area
of approximately 3.20 × 104 m2 (Fig. 10a). The upper part of the
shoveling-accumulation area (Zone C) is the level-3 platform with

Fig. 5 Tensile cracks in the crown of the Zhonghaicun landslide photographed by inspectors, with the location, elevation, deformation value, and photo time of the crack
marked on the image. a–f Tensile cracks before the landslide; e–g photos of tensile cracks at the same location at different times; f UAV image of the rear crown of the
Zhonghaicun landslide, with the location and elevation of the crack marked

Recent Landslides

Landslides 18 & (2021)2910



Fig. 6 Post-landslide topography: a post-landslide digital surface model (DSM) and elevation difference; b post-landslide DOM. In (a), A–D mark the zone of major sliding,
I–II are different areas affected by instabilities; the displacement monitor and borehole inclinometer arrangement post-landslide are shown in (b)

Fig. 7 Photos of the source area (Zone A) of the Zhonghaicun landslide: a an overview of the source area (Zone A); b–c the main scarp of the Zhonghaicun landslide; d
the main scarp with completely weathered Xigeda Formation; e the residual sliding zone and slip scratches
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a slope of approximately 8°–12°, and much landslide debris accu-
mulated on the level-3 platform (Fig. 10b). There are multistage
scarps, with slopes of approximately 10°–20° in the lower part of
the shoveling-accumulation area (Zone C). To release its energy,
the high-speed debris flow sliding along the terrain continuously

scraped the original residual layer of the slope, which led to an
increase in the volume of the debris flow. Due to the influence of
steep and gentle slope changes and the disintegration of loose
deposits, the scraping effect was weakened, the flow area was
gradually narrowed, with its width being reduced from 215 to 75

Fig. 8 The displacement results monitored by inclinometer Z01. The locations of the inclinometers are listed in Fig. 7b, and monitoring occurred from September 10,
2020, to September 30, 2020

Fig. 9 Photos of the impact sliding area (Zone B) of the Zhonghaicun landslide: a an aerial view of the source area; b–c the left and right scarps of the Zhonghaicun
landslide; d the mudded sliding zone in the impact sliding area
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m (Fig. 10a), and the sliding direction was deflected from 25° to
355° (Fig. 10b).

Accumulation area (Zone D)
The accumulation area (Zone D) is between 870 and 850 m, with an
elevation difference of approximately 20 m and an area of approx-
imately 0.82 × 104 m2 (Fig. 11a and b), and the S435 highway crosses
it. The main residential area before the landslide is shown in Fig.
1a. When the landslide occurs, the debris flow is controlled by the
terrain and washed down the slope. Finally, the landslide stopped
moving after being blocked by houses and accumulated on the left

bank of the Liusha River (Fig. 11b and c). During the field inves-
tigation on August 23, water seepage phenomena were found after
excavation in the accumulated mass at the slope toe (Fig. 11d).

Landslide-affected zones

Traction deformation area (Zone I)
The traction deformation area (Zone I) is located in the upper part
of the source area (Zone A), between 1050 and1030 m, with a slope
of approximately 20° and an area of approximately 2.65 × 104 m3.
After the landslide, the main scarp was formed in the crown, and

Fig. 10 The shoveling-accumulation area (Zone C) of the Zhonghaicun landslide: a the landslide deposits remaining in the shoveling-accumulation area; b the width and
movement direction of debris flow change due to topography

Fig. 11 The accumulation area (Zone D) of the Zhonghaicun landslide: a geomorphological characteristics of the front part of the Zhonghaicun landslide; b many buried
houses in the landslide accumulation area; c debris flow material in the toe/accumulation zone; d water seepage in debris flow at the slope toe
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the free face and gravity promoted the appearance of traction
deformation and many tensile cracks in the traction deformation
area (Zone I) (Table 1). The strike of the tensile cracks is 90° to 120°
and is roughly parallel to the main scarp of the landslide. The
length of the largest crack reaches 100 m, extending in an arc.

After the landslide, global navigation satellite system (GNSS)
surface displacement monitoring station G01 (Fig. 7b) was
installed in the traction deformation area (Zone I). From August
25, 2020, to September 23, 2020, the cumulative horizontal dis-
placement of G01 was 37.5 mm, the cumulative vertical displace-
ment was 22.3 mm, and the combined displacement was 43.63 mm
(Fig. 12). The monitoring data show that the initial deformation
rate was higher due to slope stress adjustment after the landslide.
After some time, the deformation rate tended to stabilize and enter
the stage of constant velocity deformation, and the overall sliding
failure seems unlikely. However, there were many tension cracks in
the slope, which were conducive to rainfall infiltration. A rainfall
intensity lower than the current rainfall intensity may cause insta-
bility in the region in the future.

Impact-traction deformation area (Zone II)
The impact-traction deformation areas (Zone II-1 and Zone II-2)
are located on both sides of the impact sliding area (Zone B).
Before sliding, there is a microrelief of a small gully (Figs. 6, 7a,
and 9a). The impact-traction deformation area (Zone II) was
mainly affected by the impact of the sliding mass in the source
area (Zone A), and the traction caused by the failure of the impact
sliding area (Zone B) also affected the deformation of the slope. In

the field investigation, multiple cracks (Fig. 7b and Table 2) were
found on the slope of Zone II-1; these cracks were mainly distrib-
uted on the level-2 platform near the source area (Zone A) and had
strike angles of 70°–110°, which were parallel to the main scarp of
the source area (Zone A). Due to blocking by the level-2 platform,
the impact of landslide material on the lower part of Zone II-1 was
low, and the original vegetation of the slope was not affected (Fig.
13a and b). Since the west side of the level-2 platform of the initial
slope was lower than the east side, the platform in the Zone II-2
area close to the source area (Zone A) was affected by the impact
and traction, resulting in greater deformation than that in Zone II-
1. The left boundary formed a scarp of 1–3 m (Fig. 13c), and some
debris was deposited on the slope below the platform (Fig. 13d).

Based on the elevation change before and after sliding, the
landslide area is 8.12 × 104 m2, and the volume of the main
accumulation area is 25.56 × 104 m3. Considering the entrainment
and scraping effect of the landslide, the volume of the landslide
will further increase; assuming that the volume of the broken mass
increases by approximately 25% (Geertsema et al. 2006; Xu et al.
2016; Ma et al. 2019b), excluding the source area (Zone A), the
volume of the sliding mass is approximately 31.95 × 104 m3. Addi-
tionally, some materials, with a volume of approximately 9.0 × 104

m3, stopped accumulating near the source area (Zone A). There-
fore, the total volume of the landslide is estimated to be 40.85 × 104

m3.
The geological profile 1-1′ after the landslide was drawn through

field investigation, aerial image interpretation, and geological
analysis, as shown in Fig. 14.

Table 1 Tensile cracks in the traction deformation area

Crack number Altitude (m) Strike angle (°) Extension length (m) Maximum width (cm)

C1 1050 110 100 20

C2 1036 120 55 10

C3 1032 100 60 10

C4 1030 90 10 10

C5 1015 90 5 2

Fig. 12 Displacements in the traction deformation area (Zone I) recorded by the BeiDou-based monitoring system
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Predisposing factors and trigger

The effect of weak interlayers in the Xigeda Formation
The Xigeda Formation is a set of interbeds composed of semi-
consolidated silt, fine sand, and clay; thus, this formation is an
extremely soft rock with poor engineering properties. The Jinsha
River, Yalong River, and Dadu River basins in Southwest China are
distributed in a discontinuous strip and sheet shape, with a total
area of 4 × 104 km2 (Zhu and Wu 2008). The siltstone in the Xigeda
Formation has weathered to form a loose porous medium with
high permeability, which is conducive to surface water infiltration.
In the Xigeda Formation, there are thin layers of claystone and
carbonaceous claystone intercalations, with a high content of
hydrophilic clay minerals such as illite and montmorillonite (Yu
et al. 2012). This kind of clay interlayer on a slope is a common

potential sliding surface (Rahardjo et al. 2005; Wang et al. 2020).
According to field investigation and drilling data, the sliding zone
of the Zhonghaicun landslide is composed of thin claystone and
carbonaceous claystone with a thickness of 0.1–0.3 m in the
completely weathered Xigeda Formation. When they are saturated,
these weak intercalations easily soften and eventually become the
sliding zone of landslides.

We obtained four soil samples from the source area (Zone A)
and the impact sliding area (Zone B) during the field investigation.
Through laboratory tests, the physical and mechanical properties
of the samples were obtained, as shown in Table 3. The test results
show that the sliding zone soil was nearly saturated, and the
natural water content (32.6–33.6%) was close to its liquid limit
(34.2–36.2%). Under the rapid direct test condition, the cohesion
force of the sample was 12.6–14.9 kPa, and the internal friction

Table 2 Tensile cracks in an impact-traction deformation area (Zone II-1)

Crack number Altitude (m) Strike angle (°) Extension length (m) Maximum width (cm)

C6 998 110 6 10

C7 995 90 40 10

C8 994 70 30 20

Fig. 13 The impact-traction deformation area (Zone II) of the Zhonghaicun landslide: a–b the impact-traction deformation area (Zone II-1) on the right side of the
landslide; a is located in the lower part and is not covered by landslide deposits, and b is located on the upper platform with intense deformation. c–e The impact-traction
deformation area (Zone II-2) on the left side of the landslide; d is located on the upper platform with intense deformation, and e is located at the lower part and covered
by landslide debris
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angle was 10.8°–11.9°. After continuous rainfall, the increase in
water content will weaken the strength of sliding zone soil, which
is not conducive to the stability of the landslide.

Persistent rainfall preceding the landslide
Affected by the monsoon climate, the temporal distribution of
annual rainfall is uneven, and the rainfall from May to Octo-
ber accounts for 81.2% of the annual rainfall. Over the past 10
years, the average monthly rainfall shows that the rainfall is
usually the highest in July. As shown in Fig. 3, since August
2020, the study area has suffered from continuous heavy
rainfall, with a cumulative precipitation of 266.1 mm, which
is more than the monthly cumulative rainfall in the rainy
season in previous years. Interviews of residents showed that
there was no rainfall in the landslide area during the 2 days
before the landslide occurred (i.e., on the 19th and 20th), but
several tension cracks were found in the landslide area. Fi-
nally, the landslide lagged behind the rainfall and began to
slide in the early morning of August 21.

Continuous rainfall will increase the soil moisture content
and the sliding force of the landslide mass and may reduce
the stability of the slope. Under the combined action of
gravity and rain, the softening contact surface is prone to
slip. The connectivity of the potential slip surface increases
gradually, and the tensile deformation at the back of the slope
also intensifies. Additionally, during and after rainfall, the
rainfall seepage process will continue to occur inside the slope
(Wu et al. 2020). With the seepage process, the pore water

pressure of the potential sliding surface increases gradually,
and the equivalent shear strength of the slope decreases (Yang
et al. 2020). Finally, under the action of multiple factors, slope
deformation accelerates, resulting in the gradual penetration
of potential sliding surfaces and landslide disasters (Hungr
et al. 2014). From the image before the landslide (Fig. 1a), it
can be seen that rainfall in the landslide source area was
effectively absorbed and stored by lush vegetation, which
increased the rainfall infiltration.

The secondary landslide caused by impact liquefaction
Vibration liquefaction is a typical failure mode of soil structure
under vibration load and is extremely harmful to engineering
facilities. As a special form of vibration liquefaction, impact liq-
uefaction is the liquefaction of highly saturated soil under impact
load (Meng et al. 1999; Zhang and Meng 2003; Rahmani and Naeini
2020). In recent years, impact liquefaction is considered one of the
important mechanisms of high-speed and long-distance landslides
(Wang et al. 2003; Sassa et al. 2004; Peng et al. 2018; Dun et al.
2020).

The sliding of the source area (Zone A) results in many land-
slide materials impacting the impact sliding area (Zone B). Under
the impact load, the soil particles’ pore channels in the sliding
zone become narrower, the original structure of the particles is
destroyed, and some low-hardness minerals are broken to form
clastic particles. These clastic particles move rapidly under the
action of water pressure, blocking some small channels. At this
time, the sliding zone soil is completely saturated by the impact,

Fig. 14 Post-landslide longitudinal profile 1-1′ in Fig. 6b

Table 3 The test results of the physical and mechanical parameters of the landslide sliding surface samples

Sample
number

Natural moisture
content (%)

Liquid
limit (%)

Plastic
limit (%)

Saturation
(%)

Porosity
(%)

Cohesive
force (kPa)

Angle of internal
friction (°)

SP-1 33.5 35.7 21.2 97 46 12.6 10.8

SP-2 33.6 36.2 21.7 97 46 14.9 11.3

SP-3 33.4 35.8 21.0 97 44 14.8 11.5

SP-4 32.6 34.2 21.2 96 45 14.3 11.9
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and the pore water pressure cannot be quickly dissipated by
drainage due to the blockage of the channel. The impact load will
sharply increase the total stress and pore water pressure, leading to
a rapid decrease in shear strength (Duan et al. 2020). With the
rapid decrease in the anti-sliding force and the increase in the
sliding force, the sliding surface of the impact sliding area (Zone B)
penetrates rapidly and slides downward. This fact can be con-
firmed by the appearance of a flat and smooth sliding surface
revealed by field investigation (Figs. 9d and 15c).

Saltatory microrelief of the original slope
Before the landslide, there were four platforms in the original
slope area. The microrelief of the scarps between the platforms
was developed, which provided good geomorphic conditions for
the initiation and movement of the landslide. The original slope of
the source area is approximately 30°–35°, and the level-1 platform
is located behind the source area, which is conducive to rainwater
collection. The level-2 platform blocks the movement of the sliding
material in the source area. The rear of the level-3 platform is a

Fig. 15 The distribution characteristics of weak interlayers based on field investigation and borehole data: a silty clay of residual slope deposit on the landslide crown; b–
c stratigraphic structure of completely weathered Xigeda Formation discovered by field investigation; d–f weak interlayers in completely weathered (CW) Xigeda
Formation revealed by drilling; g–i highly weathered (HW) Xigeda formation with weak interlayers; i moderately weathered (MW) Xigeda Formation with weak interlayers

Fig. 16 Estimation velocity of the Zhonghaicun landslide from the 1-1′ profile in Fig. 6b
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scarp landform with a slope of approximately 35°–40°, which
provides a free face for the instability of the impact sliding area
(Zone B). In contrast, the level-3 platform with a gentle slope has
accumulated much sliding material and is 7–10 m higher than the
original terrain. Multiple houses are built on the level-4 platform,
effectively blocking the movement of sliding materials.

The variation in the microrelief in the landslide area will affect
the movement speed of the landslide. Figure 16 shows the velocity
of the landslide throughout the process of starting, moving, and
finally stopping by using the formula proposed by Scheidegger
(1973) based on the principle of energy conversion. The results
reveal that the velocity of the sliding mass increases rapidly under
the action of substantial potential energy when the sliding mass in
the source area starts to lose its stability; the velocity of the sliding
mass reaches 16.60 m/s soon after sliding out of the rupture
surface. Subsequently, as the elevation decreases, the potential
energy is transformed into kinetic energy, the velocity increases,
and the maximum speed is 18.89 m/s. Then, as the terrain gradu-
ally becomes less steep, the debris flow velocity begins to decline
sharply until the front of the landslide is finally stopped by the left
bank of the Liusha River. The calculation results show that the
whole process of landslide movement from the onset to finally
stopping lasts for 68 s, and the average speed of the sliding mass
during the whole process is as high as 14.3 m/s.

Evolution process of the landslide
Landslides occur as a result of a combination of internal and
external factors. External factors, such as slope excavation, under-
ground mining, rainfall, and irrigation, usually play a key role in

forming slip zones. The different geological conditions and geo-
morphic features of the slopes also lead to different failure mech-
anisms and movement characteristics.

The weathering of the siltstone of the Xigeda Formation in the
landslide zone forms highly permeable soil. Simultaneously, the
interlayer of thin weathered clay rock in the Xigeda formation has
low permeability, facilitating surface water infiltration and
groundwater retention. Due to the continuous rainfall, the water
content and gravity of the landslide mass increased, which reduced
the soil’s mechanical properties and were not conducive to the
stability of the landslide. The long-term rainfall and seepage action
increased the water content and pore water pressure of the sliding
zone (Fig. 15), which leads to the expansion of cracks, softening,
and strength reduction of the sliding zone (Table 3). In the process,
cracks appeared at the back of the slope and expanded further with
time (Fig. 5), finally, leading to the first sliding of the upper slope.
This fact can be confirmed by the mechanical test data of the soil
samples in the sliding surface of the main scarp of the landslide
(Table 3) and the slip surface revealed by the inclinometer Z01 (Fig.
8). Moreover, the steep and gentle micro-geomorphology provides
good geomorphic conditions for the upper slope failure.

After the sliding of the source area, a part of the sliding mass
impacted the critical state slope at the lower part, which led to the
rapid penetration of the sliding surface in the impact sliding area
and the high-speed downward sliding. The landslide formed a
wedge-shaped opening in the middle of the slope (Fig. 17a). The
field investigation found that the sliding mass in the source area is
not completely disintegrated, and there are many tension cracks
on the surface (Fig. 17b). In contrast, the sliding mass in the impact

Fig. 17 Field investigation evidence of landslide movement characteristics. a wedge-shaped opening in the impact sliding area; b the sliding mass in the source area is
not completely disintegrated; c the sliding mass in the impact sliding area is loose; d the original slope in the impact sliding area is covered by sliding mass
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sliding area is loose, and there are no tensile cracks on the
slope surface (Fig. 17c). The vegetation between the sliding
mass and the initial slope can be seen in the scarp on the left
side of the impact sliding area (Fig. 17d). The geomorphic
characteristics after the failure reflect the multiple sliding
process of the Zhonghaicun landslide. The impact of the first
sliding on the lower slope was the main reason for the lower
slope sliding. Subsequently, the saturated landslide mass
formed long-distance flow-like movement under the action
of gravity and impact (Figs. 10 and 11). Finally, affected by
the microrelief of the slope and the house, the sliding direc-
tion changed (Fig. 10b) and the landslide stopped moving
forward (Fig. 11b).

Overall, the Zhonghaicun landslide shows complex triggering
mechanisms and movement characteristics. The evolution process
of the Zhonghaicun landslide can be understood by comprehen-
sive analysis of geological, geomorphic, meteorological, and other
factors. Slope material and microrelief provided the preconditions
for the formation of the landslide. Under the condition of contin-
uous rainfall, the effect of water directly led to the occurrence of
the landslide. Based on geomorphological and geological surveys,
the deformation and failure of the slope mainly experienced four
stages: slope deformation, sliding and overlay, secondary sliding,
and flow-like movement (Fig. 18):

(1) Slope deformation stage (Fig. 18a). Under the effect of
continuous rainfall, rainfall infiltration increased the

Fig. 18 Conceptual model of the evolution process of the Zhonghaicun landslide: a slope deformation stage; b sliding and overlay stage; c secondary sliding stage; d
flow-like movement stage
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saturated bulk density of the sliding mass. The rainwater
seeped into the weak interlayer of the slope, causing its
shear strength to decrease. Over time, tensile stress areas
appeared on the slope under gravity, and tensile cracks
appeared on the surface.

(2) Sliding and overlay stage (Fig. 18b). After the rain stopped,
the seepage process in the slope continued. With the further
deepening of the cracks and the penetration of the sliding
surface, the upper slope was damaged, and a large number of
landslide materials were loaded on the lower slope in a short
time.

(3) Secondary sliding stage (Fig. 18c). Saturated by the upper
landslide, the weight of the lower slope increased and the
strength of the saturated sliding zone decreased rapidly under
the impact, forming a shear sliding surface through the weak
interlayer surface, which led to the instability of the impact
sliding area.

(4) Flow-like movement stage (Fig. 18d). A part of the sliding
mass continued to move downward to form a debris flow. In
this process, the original soil of the slope was scraped along
the sliding path. Because of the buffer of the gentle slope
platform and the blocking of houses, the debris flow slowed
down due to the loss of kinetic energy until it moved to the
front of the Liusha River.>

Conclusions
The geological background, characteristics, and inducing factors
of the Zhonghaicun landslide in Hanyuan County, Sichuan Prov-
ince, are described. The failure mechanism and evolution process
of the landslide are analyzed. According to the elevation ranges
and characteristics of the Zhonghaicun landslide, the landslide is
divided into seven areas. The research shows that the landslide
exhibited a complex movement process. The source area first slid
along the weak interlayers and impacted the lower slope, causing
secondary sliding. The landslide debris then moves to the toe of
the slope at high speed, causing seven people to die and two people
to go missing.

The deformation and failure of the Zhonghaicun landslide
were related to lithology, geomorphology, and previous rain-
fall. The high permeability stratum and the weak interlayer
were the material basis of the landslide. The steep and gentle
slope changes provide favorable geomorphological conditions
for rainwater accumulation and landslide movement. More-
over, the previous rainfall increased the pore water pressure
of the landslide mass and reduced the mechanical strength of
the weak interlayers, which was the main trigger of the
landslide.
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