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Failure mechanisms and characteristics of the 2016
catastrophic rockslide at Su village, Lishui, China

Abstract This paper describes a recent large rockslide, which
occurred at Su village in Lishui, Zhejiang Province, China, on
September 28, 2016. In the past decade, a vegetation-free deformed
surface was clearly visible and frequent rockfalls were noticed. Due
to strong sustained rainfall, approximately 0.4 million m3 of gran-
ite blocks rapidly descended from the upper part of the hillside.
The mass rushed into the V-shaped valley resulting in the forma-
tion of a barrier dam and dammed lake. The catastrophic rockslide
caused 27 deaths and more than 20 houses were destroyed. The
evolutionary process before the rockslide is clearly captured by
high-resolution remote sensing images and photos. Video of the
rockslide and field investigations show entrainment of superficial
material in the middle and lower parts of the slope.
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Introduction
Rockslides are among the most dangerous and damaging
landslide phenomena due to their high mobility and large
extent, despite being relatively uncommon and occurring in
mountainous areas (Hungr and Evans 2004; Evans 2006). In
the past 10 years, several large catastrophic rockslides oc-
curred in China (Hu et al. 2009; Zhen et al. 2012; Chen
et al. 2011; Xing et al. 2014; Zhou et al. 2015; Huang et al.
2016; Fan et al. 2017; Ouyang et al. 2017b). The failure mech-
anism and dynamic characteristics of rockslides are key fac-
tors in predicting future rockslides (Guthrie et al. 2009; Xu
et al. 2010; Wu et al. 2013; Coe et al. 2016; Ouyang et al.
2017b; Wang et al. 2017). Nevertheless, the associated mecha-
nism and characteristics of rockslides and pertinent granular
flow are complicated and still under considerable debate
(Sosio et al. 2008; Zhou and Sun 2013; Cui et al. 2017).
Rockslides commonly disintegrate into flowing masses of frag-
ments due to collision during the slide (Xu et al. 2010).
Rockslides impose a stronger impact and traction force on
the ground relative to soil landslides. In rockslides, the basal
entrainment effect and volume enlargement are more pro-
nounced and likely to form a barrier dam (Hungr and
Evans 2004; Iverson and Ouyang 2015; Ouyang et al. 2017a).

At 17:28 (GMT+8) on September 28, 2016, a catastrophic
rockslide suddenly collapsed and rushed down toward the houses
in Su village, Lishui, Zhejiang, China (E 119° 18′ 13″, N 28° 47′ 03″).
The slide was more than 0.4 million m3 in volume. The huge
rockslide buried more than 20 houses, caused 27 deaths, and was
one of the most devastating geohazards in the history of eastern
China. Rockslides are common in this area and the site was listed

for relocation by the Chinese government. Local residents were
moved out due to the heavy rainfall before the rockslide occurred.
Unfortunately, a number of the residents returned to their houses.
The rockslide was captured on video by local residents and can be
viewed at (http://www.iqiyi.com/w_19ruh0y7hp.html). Video of the
rockslide is useful for understanding rockslide dynamic processes.
Through detailed field investigation, we examine the specific char-
acteristics of the rockslide in order to help reduce or prevent
future hazards.

Regional geological and geomorphology setting
The rockslide occurred at Su village in the municipality of
Suichang county, Lishui (Fig. 1). Su village is situated in the
southwestern Zhejiang province, 290 km away from the cap-
ital city of Hangzhou. The landscape is composed of moun-
tains with middle and lower altitude as well as hills.
Generally, the elevation gradually decreases from southwest
to northeast. The study area is composed of late Jurassic to
Cretaceous volcanic and clastic rocks underlain by Paleozoic
clastic and carbonate rocks (Fig. 2). The mountain is mainly
composed of cretaceous ignimbrite, volcanic clastic rock, rhy-
olite, orthophyre, sandstone, and quaternary debris accumula-
tion. The crushed rocks are mainly of fine-grained
monzogranite. Two main NE-trending faults cut the study
area, the Yuyao-Lishui fault and the Songyang-Pingyang fault
(Fig. 2). Other faults in the area are secondary faults derived
from the two main faults. The rocks in the study area are
extruded by old tectonic movement. The secondary structures,
such as structural joints and weathered fractures, are relative-
ly well-developed.

The rockslide is located at the top of the mountain behind Su
village (Fig. 3a). The elevation of the mountain peak is 871 m a.s.l.,
and the relative elevation difference between the peak and the
village is 531 m. Pre- and post-event images can be viewed in
Fig. 3a, b. The elevation variations before and after the slide, as
well as the landslide zoning, are shown in Fig. 3c, d. After the slide,
the slide mass was mainly composed of crushed rocks (Fig. 4). The
rocks are fine-grained monzogranite. The mineral composition of
the rockslide is shown in Table 1. Rock and soil samples were
collected at three different locations (Fig. 3b. The slide mass is
primarily composed of coarse sand and rock. The particle size
distribution of three different samples is shown in Fig. 5. Thirteen
drill holes after the slide were dug by the third geological group of
Zhejiang province. The location of the drilling holes is shown in
Fig. 3d. The drilling properties of different layers are listed in
geologic profile maps in Fig. 8. The bedrock primarily consists of
high- to medium-weathered fine-grained monzogranite. The body
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of the rockslide in the source area is weathered granite, which
gradually disintegrates during the slide.

The study area is largely covered by artificially planted bamboo.
The study area has a middle subtropical monsoon climate with a
mean annual temperature of 16.8 °C. Average monthly precipitation
data of Lishui municipality is shown in Fig. 6a. The mean annual
precipitation is 1407 mm. Approximately 80% of precipitation is
concentrated between March and September. The precipitation
24 h before the slide was collected at the Wangzhaiqiao rainfall
station, which is approximately 1 km away. Due to typhoon Catfish,
the cumulative rainfall within 24 h of the slide at the Wangzhaiqiao
rainfall station was 114.6 mm, as shown in Fig. 6b. It is almost close to
the average value 124mm in September. The sustained rainfall played
a significant role in initiating failure of the rockslide.

Insights from remote sensing images and pre-disaster photos
In order to analyze the failure mechanisms of the rockslide, four
high-resolution remote sensing images from KeyHole with 2 m
precision from 2000 and Quickbird with 0.6 m precision in 2010,
2013, and 2015 and photos before the disaster are examined. As
shown in Fig. 7a, obvious surface deformation is visible in the
KeyHole images from 2000. Tensile fractures can be seen behind
the rear of the rockslide. In addition, a naked collapsed surface

without vegetation is visible, which is consistent with descriptions
from villagers. One villager said there were frequent rockfalls
within a short distance in the past decade. In 2010, a larger area
of exposed rock surface became visible (Fig. 7b). From 2013 to 2015,
the unstable zone continued to enlarge (Fig. 7c, d). An arcuate
shape marked by red arrows in Fig. 7d formed. At this stage, the
exposed surface is primarily located in the west portion of the
source area. The area was classified as a high-risk area by local
administrators. On September 27, one day before total failure, a
more intense rockfall was noticed. The village was evacuated and
most of the residents were moved to safe locations. Unfortunately,
some people returned to their home as the rainfall stopped. Sev-
eral photos before the rockslide were taken by local geologic
surveyors. It is worth noting that a huge steep rock, which was
close to vertical and marked by a dotted line in Fig. 7e, evolved
fast. On September 13, more collapsed deposits accumulated on
the west side of the steep rock. A new deep gully in the east part of
the rock also formed. From the side view in Fig. 7f, another gully
was deposited by collapsed rocks. All the rock around the steep
rock had been broken by this time. Meanwhile, a high vertical step
with tens of meters of offset was found at the top of the steep rock.
Thus, for the steep rock, the front was free and the back was
pushed by a mass of broken rocks. These conditions along with

Fig. 1 Map showing the location of the a study area, b county, and c Zhejiang Province
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copious amounts of rainfall caused the steep rock to collapse,
causing the rockslide.

Characteristics of the landslide
The initial failure area is located at the top of the mountain
approximately 700 m a.s.l. From the main profile in Fig. 8a, the

relative altitude difference is approximately 450 m and the runout
distance is approximately 1000 m. The topographic profiles in
Fig. 8a–d were created using terrain data before and after the
rockslide, field data, and drilling data. The area influenced by
the rockslide can be generally divided into the source area, the
transition area, and the accumulation area (Fig. 3d).

Fig. 2 Geological map of the a study area (modified from Ma et al. 2015) and b slide site
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Fig. 3 a Quickbird image from December 13, 2013. b Photograph showing the study area after the rockslide (image taken by UAV on September 29, 2016). c The
elevation variations estimated from the pre- and post-failure DEMs. d Topographic map and zoning of the landslide
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Source area
The source area is bounded by the rear rupture, covers an area of 3.3 ×
104 m2, and has a maximum depth of 41.6 m. After the rockslide, an
abrupt back with a width of 40–50 m and an angle of 52°formed. The
bedrock along the failure plane is fine-grained monzogranite. In the

source area, there are multiple layers of deep gray, purple, and red
argillaceous fine sandstone and siltstone, which are characterized by
poor mechanical properties, weathering, and structural fragmentation.
According to the images andmeasured faults, the source area is divided
into themain source zone, old source zone, and secondary source zone
(Fig. 3d). The old source zone refers to the loose deposits present before
the rockslide. The main source zone refers to the steep rock, which is

Fig. 4 Photographs of typical rocks in the rockslide. a Aerial view of the deposition area. b Road side fence relocated by tens of meters. c Rocks. d Huge rock

Table 1 Mineral composition of the rockslide material

Mineral name Quartz Kaolinite Anorthite Albite Muscovite Microcline

Percentage by weight 25.8 3.1 32.6 16.5 3.7 18.3

Fig. 5 Chart showing the particle size distribution of three rockslide samples
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marked by the red dotted line in Fig. 7e. The mass behind the main
source zone becomes unstable andmoves after the steep rock collapses.
The mass moved a relatively short distance and it is defined as the
secondary source zone. From post-disaster UAV images in Fig. 8b,
some land covered by unspoiled trees is present in the source area.

Transition area
The transition area is located in the middle of the slide and covers
an approximate area of 1.05 × 105 m3. The length of the transition
area is approximately 590 m. The width of the trailing and front
edges is 126 and 308 m, respectively. The transition area is mainly

composed of eluvium. From the video and field investigation, the
eluvium is restarted and the entrainment effect is apparent during
the movement. Due to the influence of topography, the sliding
direction deflected eastward about 36°. In the transition area,
rocks gradually disintegrated into smaller fragments during the
slide. Based on morphological characteristics, the transition area is
divided into the main transition zone, lateral transportation zone,
and lateral abrasion zone. The main transition zone is the fast-
moving zone with the initial fragmented rocks. The large high-
speed mass eroded the material along its slide. From the transverse
profile C–C′ in Fig. 8c, basal entrainment is apparent and the

Fig. 6 a The average monthly precipitation data of Lishui municipality. b Rainfall in 1-h intervals and cumulative rainfall before the slide. Data was collected at the
Wangzhaiqiao rainfall station (about 1 km away)
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maximum depth of entrainment is about 20 m. The lateral trans-
portation zone records a lower velocity compared to the main
transition zone. In view of the drilling properties of ZK10, about
3.13 m residual soil exists, indicating the entrainment in the lateral
transportation zone is apparently smaller than that in the main
transition zone. Along the east edge of the main transition area, a
steep slope formed. The movement consisted of primarily shallow
surface abrasion, forming the lateral abrasion zone (Fig. 3d).

Accumulation area
The accumulation area covers an area of approximately 7.55 ×
104 m2 and includes the main accumulation zone, lateral accu-
mulation zone, and upper accumulation zone. The upper accu-
mulation zone is small and composed of rocks that moved a
short distance before deposition. In the main and lateral accu-
mulation zones, terraced fields were cultivated on the moun-
tainside and houses and roads were built at the foot of the

(a) (b)

(c) (d)

(f)

Steps

Cracked
rocks

(e)

Steep rock
surrounded
by ruptured 
surfaces

Fig. 7 Photographs of the source area for the Su village landslide. a KeyHole image taken in 2000. b Quickbird image taken in 2010. c Quickbird image taken in 2013. d
Quickbird image taken in 2015. e Front photo taken on September 13, 2016. f Side photo taken on September 26, 2016
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mountain. Most of the rock mass was deposited in the main
accumulation area. The maximum depth of the deposited mass
is more than 25 m. From the transverse profile D–D′ in Fig. 8d,
the area was almost covered by thick deposition in the main and
lateral accumulation zones. Houses and roads in the terrace
were totally wiped away due to the strong impact of the slide.
The moving mass was blocked by the hill on the opposite side
and was deposited in the valley.

Barrier dam and reconstruction plan
After the rockslide, a natural barrier dam and lake formed along
the river. The dam mainly consisted of large rocks with a high
permeability. When the water increased to the top of the dam, the
water level held constant until an artificial discharge was per-
formed. The dammed lake hampered rescue operations. Forma-
tion of the dammed lake is complicated and depends on the
relationship between landslide volume, movement direction, and

Fig. 8 Geologic cross sections along the a main sliding profile A–A′, b transverse profile B–B′, c transverse profile C–C′, and d transverse profile D–D′
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valley shape. Here, the rock mass vertically rushed into the narrow
V-shaped valley. The characteristics of the barrier dam in this area
are apparently different from those of Xinmo rockslide, which is
another recent rockslide (Ouyang et al. 2017b; Su et al. 2017; Fan
et al. 2017). For Xinmo rockslide, the valley is wide and flat, the
barrier dam is low, and the lake is small.

During the rescue, the water in the lake was channeled off by
digging an artificial waterway through the deposits. New multiple
stable terraces were built and eco-engineering for rock slope pro-
tection was performed. The river was re-directed and the road was
built on the other side of the river. The influenced area was

planned to be a green space and hydrophilic park. An image of
the valley after reconstruction can be seen in Fig. 9.

Concluding remarks
The Su village landslide is a typical high-elevation rocky rockslide in
a mountainous area. On one hand, the potential risk from landslides
is long-term and persistent in history. On the other hand, due to the
limitations from scarcity of land, relocation costs and hazard aware-
ness, numerous people live in the area. Landslides are a common
problem and are becoming a major concern for mountain develop-
ment and safety. Some concluding remarks are as follows:

Fig. 8 (continued)
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(1) Remote sensing images can be used for preliminary evalua-
tion of potential hazards. The potential site can be confirmed
by combination of field investigation and other technical
methods. After confirmation, effective evaluation of the en-
dangered area is the key for finding a solution strategy.

(2) For high-elevation rocky landslides, the impact and traction
force is stronger at high speeds. Thus, the basal entrainment
and enlargement along the slide path are noteworthy fea-
tures. These features are more apparent for old landslides or
hills composed of loose deposits.

(3) For a landslide in a narrow valley, a barrier dam and dammed
lake are likely to form and dramatically amplify the effect of
the disaster. The formation mechanisms and stability of the
barrier dam are complicated and should be considered in
road planning and construction.
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Fig. 9 Image of the valley after reconstruction
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