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Abstract

Reinforcing a landslide dam and converting a landslide-dammed lake to a hydraulically engineered lake is a sound
means to address this natural disaster. The Hongshiyan landslide-dammed lake reconstruction project provides an
excellent example. However, the stability of the remnant slope is crucial to the reconstruction of this project. It is
essential to analyse the formation failure mechanisms of the Hongshiyan landslide and evaluate the stability of the
remnant slope. Combined with field investigations and unmanned aerial vehicle (UAV) 3D image technologies, the
failure mechanisms of the Hongshiyan landslide and the stability of the remnant slope were qualitatively studied and
discussed. The dynamic process and failure mechanism of the Hongshiyan landslide are significantly different to
conventional landslides. The dynamic process of the Hongshiyan landslide can be divided into three stages: time-
dependent deformation stage, earthquake-induced failure stage and an unloading recovery stage. The failure mechanism
can be summarised as follows: tension—crush—shattering—sliding. The stability conditions of the remnant slope are worse
than those of conventional landslides under the same conditions. Toppling and small collapse are possibly occurring at
the back scarp of the remnant slope because of the steep slope gradient, well-developed tension fractures and frequent
occurrence of aftershocks and rainstorms. Based on the density, opening degree, porosity and connectivity of the cracks,
as well as instability risk probabilities, the rock mass of the back scarp of the remnant slope can be divided into three
zones: the seismically damaged zone, the unloading damaged zone and the stable zone. To guarantee the safety of the
remnant slope and reduce secondary earthquake or rainstorm disasters, corresponding comprehensive treatment measures
must be taken to ensure long-term stability.

Keywords Earthquake-induced landslide - Dynamic process - Failure mechanism - Remnant slope stability - Corresponding
treatments
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to mankind such as a scenic spot or hydraulically engineered
area is a good means to address this natural disaster. However,
ensuring the stability of the earthquake-induced rock slope
and preventing secondary disasters of earthquakes are crucial
to the reconstruction of the project. It is essential to analyse the
formation failure mechanisms of earthquake-induced land-
slides and evaluate the stability of the remnant back scarps.

In recent years, earthquake-induced landslides have re-
ceived increasing attention from researchers in several fields,
including their spatial distribution, type and characteristics,
dynamic process and formation failure mechanism (Zhou
et al. 2015; Sun et al. 2017). According to the statistical anal-
ysis of 11,000 landslides induced by the 1994 Northridge
earthquake (Mw 6.7), the most common types of landslides
were highly disrupted shallow falls and slides of rock or debris
(Harp and Jibson 1996). Keefer (1984) established a classifi-
cation system that categorises earthquake-induced landslides
into rock falls, rock slides, rock avalanches, rock slumps and
rock block slides. Kramer (1996) summarised the failure
mechanism of the earthquake-induced landslide into two
types: inertial instability and weakening instability. These
concepts had been applied by Biondi et al. (2002) and
Bandini et al. (2015) to slope displacement analysis, and
desirable effects were achieved. Xu and Dong (2011) and
Huang et al. (2011) generalised the speed collapse and large
deformation failure mechanism of the earthquake-induced
landslide as tension—shear—sliding by field investigations of
more than 20 large landslides from the 2008 Wenchuan
Earthquake (Mw 8.0).

Other researchers have focused on hazard assessment, sta-
bility evaluation and landslide mitigation of earthquake-
affected areas. Kobayashi et al. (1990) simulated rock falls
triggered by earthquakes. Ambraseys and Srbulov (1995) ex-
amined the estimation of permanent slope displacements in-
duced by earthquakes and presented predictive formulae and
graphs for co-seismic and post-seismic permanent displace-
ments of translational movements. Guan (2009) investigated
the damage to the Zipingpu water control project induced by
the Wenchuan earthquake on 12 May 2008 and evaluated its
safety. Li and He (2009) analysed the instabilities and
corresponding treatments of a seismically induced road slope
in the region hit by the Wenchuan earthquake. Wu et al. (2010)
studied the failure mechanisms of post-earthquake bedrock
landslides in response to rainfall infiltration.

The Hongshiyan reconstruction project is one of the first
excellent examples of addressing natural disasters by
transforming the landslide-dammed lake into a hydraulically
engineered lake in China (Lv et al. 2017). The stability of the
earthquake-induced rock slope is crucial to the reconstruction
of the project. The rock mass is highly damaged and broken,
and rock fall instability phenomena at the top remnant of the
back scarp pose a significant threat to construction workers
and mechanical equipment at the base of the slope. It is
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essential to analyse the formation failure mechanisms of the
Hongshiyan landslide and evaluate the stability of the remnant
back scarp. Combined with field investigations, monitoring
data and unmanned aerial vehicle (UAV) 3D image technolo-
gies, the dynamic process and formation failure mechanisms
of the Hongshiyan landslide have been analysed, and the qual-
itative stability evaluation of the remnant back scarp has been
studied and discussed. Finally, in order to guarantee the safety
of the high rock slope and reduce secondary earthquake or
rainstorm disasters, corresponding comprehensive treatment
measures have been suggested to ensure the long-term stabil-
ity of the remnant back scarp.

Background
Overview

On 3 August 2014, an Ms 6.5 earthquake shocked Ludian
County, Yunnan Province in Southwestern China (27.1° N,
103.3° E). It resulted in 617 deaths and more than 3000 people
were injured. It destroyed a significant number of houses and
induced hundreds of landslides of various types, dominated by
shallow slides, deep-seated slides, rock falls, debris avalanches
and unstable slopes. As shown in Fig. 1a, the Hongshiyan land-
slide is the largest scale landslide induced by the 2014 Ludian
Ms 6.5 earthquake, located on a bank of the Niulan River in
Ludian County. The ensuing accumulation of mass waste
blocked the river channel and formed the Hongshiyan landslide
dam, with a volume of approximately 12 million m®.

It is very difficult and expensive to excavate and dredge a
landslide dam, for there is insufficient space for rock fill ma-
terials in a narrow valley. An alternative processing method is
being implemented to reinforce and change it into a permanent
dam (Liu 2015). The stability of the earthquake-induced rock
slope is crucial to the reconstruction of the project. It is essen-
tial to analyse the formation failure mechanisms of the
Hongshiyan landslide and evaluate the stability of the remnant
back scarp. As shown in Fig. 1b, the Hongshiyan landslide is a
typical earthquake-induced failure, and the topography and
failure formation mechanisms are significantly different from
the conventional landslides. Secondary earthquake or rain-
storm disasters, such as toppling and small collapse at the
top of the remnant back scarp, pose a significant threat to
construction workers and mechanical equipment at the base
of the slope.

Geological conditions

The Hongshiyan landslide is in the generating fault zone
(Baogunao—Xiaohe Fault) and is only approximately 15 km
away from the epicentre (Fig. 1a). In this area, the land surface
is deeply incised, neotectonic movement is common, and
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Fig. 1 Location and shape of the
Hongshiyan landslide: a map of
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photos of Hongshiyan landslide

L
b i

bend-of

7 Niplan River

B

Sy Hongshiy:

strata and geological structures are complex. The development
of regional faults, such as the Zhaotong—Ludian Fault (F1),
Baogunao—Xiaohe Fault (F2), Wulianfeng Fault (F3) and
Daliangshan Fault (F4), has a significant effect on the stability
of the Hongshiyan landslide.

As shown in Fig. 2, the original Hongshiyan Mountain is
exposed, with little vegetation on the surface, presenting a typical
layered structure. The main strata from top to bottom are from the
Permian (P), the Devonian (D) and the Ordovician (O), respec-
tively. The rock strata mainly dip toward the mountain and its
downstream side, with a strike of N20°—60°E, a dip direction to
the NW and a dip angle of 10-30°. The rock masses are mainly
thick or very thick limestone and dolomitic limestone at the
upper part of the slope, and a thin layer of sandstone and shale
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at the lower part of the slope. The slope has upper-hard-and-
lower-soft structural characteristics.

As a result of long-term geological movement, the rock
strata present low-angled folds or flexural deformations. A
fault, Fs, is developed in the middle of the slope with strike
of N5°-15°W, a dip direction to the SW and a dip angle of 40—
50°. Fs is a control fault extending approximately along the
whole landslide with a fault zone of typically approximately
0.5-1.0 m in thickness, and it mainly consists of fragmented
rocks and fault gouges. Numerous approximately vertical
structural joints and bedding joints are developed and multiply
interlaced at the surface of the rock slope. The rock mass was
broken, and many small cliffs can be found at the slope as a
result of previous small collapses.
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Fig. 2 Geological conditions of the Hongshiyan landslide: a geology of
Hongshiyan landslide; b geologic section of Hongshiyan landslide

Topography of the Hongshiyan slope

The Hongshiyan landslide is in a narrow valley that is deeply
incised. The Niulan River flows in the valley from southeast to
northwest and has a width of approximately 100 m. The orig-
inal Hongshiyan Mountain was located at a bend in the Niulan
River and had a steep slope of 54—61° before the earthquake. It
is a three-sided mountain with a height that rises approximate-
ly 760 m above the riverbed (Fig. 1a, b).

To investigate the topographical changes after the land-
slide, UAV technologies have been used to obtain a high-
resolution 3D image model of the Hongshiyan landslide. As
shown in Fig. 3, after the 2014 Ludian Ms 6.5 earthquake, the
topography of Hongshiyan Mountain changed significantly.
The aspect of the Hongshiyan landslide presents a huge chair
shape. A tilting platform with the strata gently dipping toward
the mountain and the downstream side divide the slope into
two parts; the upper part of the slope is a huge remnant back
scarp with a height of 350 m and a total width of approximate-
ly 900 m along the river; the lower part is an original cliff with
a height of 120 m. The back edge of the landslide is large,
steep and rough, and it forms the main failure surface. In
contrast, the shear sliding surface at the forward edge of the
landslide is short and smooth, with obvious striations. Two
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connected collapse zones (I and II) can be obviously distin-
guished from the landslide surface.

Approximately 12 million m* of rock slid into the Niulan
River to form a huge V-shaped landslide dam. The formed
landslide-dammed lake is estimated to have a catchment area
of 11,800 km?, a lake capacity of 2.6 x 108 m® and a maxi-
mum length of the backwater area of 25 km. There are
favourable conditions and unique advantages of converting
the Hongshiyan landslide-dammed lake into a hydraulically
engineered lake.

Formation mechanism of the Hongshiyan
landslide

Mass movement process

The Hongshiyan landslide is a typical earthquake-induced
failure. The unique terrain and the seismic loads are the main
reasons for the landslide. As shown in Fig. 4a, under the in-
stantaneous seismic loadings of the 2014 Ludian Ms 6.5 earth-
quake, tension fractures extended and transfixed rapidly,
which formed the steeply sloped open surface of the back
edge. At the same time, shear failure suddenly occurred along
weak structural planes near the fault zone of F5 and formed the
sliding surface of the forward edge. The slope in collapse zone
I failed and slid toward the free surface. Folding and collapse
occurred because of the steeply sloped open surface of the
back edge. Rock masses fell, hit the bulgy tilting platform
and broke into pieces. The weathered and relatively broken
anti-sliding rock body at the tilting platform then suddenly
collapsed and was crushed. The landslide preferentially devel-
oped in this direction and made it the main sliding bed. The
sudden crushing of the anti-sliding rock body and the scarps of
the main sliding bed in turn induced collapse II (Figs. 1b and
4a). Part of the landslide body slid over the up-inclined tilting
platform and left multiple striations and scratches, making it
an obvious scarping zone.

Approximately 12 million m* of rock collapsed from the
upper part of Hongshiyan Mountain, hit and scarped the tilting
platform, crushed and slid into the Niulan River to form a
huge V-shaped landslide dam. Combined with UAV 3D image
modelling technology and field sampling, the particle size
distribution of the landslide dam has been studied. As shown
in Fig. 4a, b, the avalanche masses are generally small; the
biggest particle size of rock mass is less than 20 m and huge
stones (having a particle size that exceeds 2 m) account for just
10% of the mass.

Failure mechanism

As shown in Figs. 1b and 4a, the Hongshiyan landslide is
basically controlled by topographic conditions and strong
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Fig. 3 High-resolution 3D image
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Fig. 5 Failure mechanism of the
Hongshiyan landslide: a time-
dependent deformation stage; b
earthquake-induced failure stage;
¢ unloading recovering stage
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the controlling fault Fs. Tension stresses are concentrated at
the upper edge of the slope. As a consequence, micro-crack
initiation, propagation and coalescence occur and finally de-
velop into many controlling fractures approximately parallel
to the free surface. For example, a marked original fracture,
which is eroded probably by aperture and water circulation,
can be observed at the top edge of the slope (Fig. 4a). These
fractures are recognised as the plane along which the collapse
occurred. The tension fractures and fault Fs cut the slope,
making it a potentially unstable block.

During the sudden strong earthquake, the seismic waves
had a complex effect on Hongshiyan Mountain. The seismic
waves continued for approximately 30 s, and the peak earth-
quake acceleration reached more than 9.00 m.s 2. The seismic
accelerations in the horizontal direction (peak of 9.34 m.s %)
were much greater than those in the vertical direction (peak of
4.33 m.sfz) (Liu et al. 2016; Hong et al. 2016). The
Hongshiyan landslide is located at the southernmost termina-
tion of the Ludian primary earthquake surface rupture zone,
and the seismic intensity reached VIII. The left-lateral motion
of the southwestern wall of the Baogunao—Xiaohe Fault (F»)
has a remarkable influence in the occurrence of the
Hongshiyan landslide (Xu et al. 2015). The adverse terrain
and geological conditions and the steep bulge shapes (three-
sided hanging) had a significant seismic amplification effect
on Hongshiyan Mountain (Pedersen et al. 1994; Ashford and
Sitar 1997; Sepulveda et al. 2005; Bouckovalas and
Papadimitriou 2005; Rizzitano et al. 2014). As shown in
Fig. 5b, under the instantaneous seismic loadings of the
2014 Ludian Ms 6.5 earthquake, the slope is in a tension—
compression cycle stress state induced by the horizontal ac-
celeration seismic waves. Tension stress significantly concen-
trates at the tips of the pre-existing cracks and massive tension
cracks extend, transfixing and forming the steeply sloped open
surface of the back edge. Then, tension—shear failure occurs in
the weak zone of the controlling fault F5 and forms the steep
column-shaped sliding block. The seismic waves have a com-
plex propagation in the unstable sliding block, particularly
between the discontinuity interfaces. The rock mass under
the complex tension—compression cycle stress is broken and
crushed into pieces, shattering and collapsing suddenly. The
crushed rock masses “pour down” similar to avalanches. This
can be verified, as the striations can only be found at the
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forward edge and at the bottom of the back edge of the land-
slide (as shown in Fig. 1b), and the particle size of the ava-
lanche masses is generally small (as shown in Fig. 4b).

As shown in Fig. 5c, once the landslide occurs, tension
stress relieves instantaneously. The rock mass is in an instanta-
neous unstable stress state, and its rebound deforms toward the
mountain side instantly. The sudden unloading and rebounding
leads to tension stress concentrated at the tips of the pre-
existing fractures (Cai 2008; Li et al. 2017). The fractures ex-
tend rapidly, and the rock mass at the back scarp of the remnant
slope is highly damaged. Stress redistributes and spreads into
the deeper rock mass of the slope and gradually reaches a new
balance. This, in turn, induces the initiation, propagation and
coalescence of new cracks, and new unloading damage occurs
at the back scarp of the remnant slope. Toppling and small
collapse tend to occur during this stage.

The seismic loads and the steep terrain are the main reasons
for the formation of the Hongshiyan landslide. The seismic
waves have a complex propagation and effect on the rock mass,
particularly for the discontinuities in the slope, which induces
damage and large steep tension fractures forming the back edge
of the landslide. The slope is totally cut off by the large steep
tension fracture and controlling fault Fs5. At the same time, the
unstable rock block is damaged and crushed under the complex
tension—compression cycle stress state. Shattering and sliding
occurs suddenly along the formed surfaces. The formation fail-
ure mechanism of the Hongshiyan landslide can be
summarised as tension—crush—shattering—sliding.

Stability analysis of the remnant slope
Current status analysis of the remnant slope

There are favourable conditions and unique advantages of the
Hongshiyan landslide-dammed lake for conversion into a hy-
draulically engineered lake. However, the stability of the rem-
nant slope is crucial to the reconstruction of the project. As
shown in Figs. 1b and 4a, the remnant slope has a step-like
shape, a tilting platform with the strata gently dipping toward
the mountain and the downstream side dividing the slope into
two parts; the upper part of the slope is a steep cliff induced by
the Hongshiyan landslide with a height of 350 m, and its rock
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Fig. 6 Tension fracture and damage zone distribution on the remnant slope: a damage zone distribution on the remnant slope; b tension fracture
zigzagging downstream of the top edge of the remnant slope; ¢ tension fractures in the unloading damaged zone

masses are mainly thick or very thick fresh limestone and
dolomitic limestone; the lower part is an original cliff that
consists of a thin layer of sandstone and shale. The rock strata
mainly dip toward the mountain and downstream side, which
is favourable for the stability of the rock slope.

There is no regional large fault passing through the remnant
slope area. Only a moderate fault F5 developed in the middle
of the slope. However, the major rock mass has collapsed, and
there is no obvious potentially unstable rock block. The slope
is stable overall, while toppling and small collapse along the
edge of the back scarp of the remnant slope should be a focus
of future reinforcement and later operation of the project, par-
ticularly at the area near the top edge of the slope.

Damage analysis of the back scarp of the remnant
slope

The rock mass at the back scarp of the remnant slope is highly
damaged not only from the seismic loadings during the

earthquake but also from the unloading damage during the
time-dependent deformation stage and the unloading recover-
ing stage after the earthquake. Numerous tension and
unloading cracks are developed in the back scarp of the rem-
nant slope. To evaluate the stability of the remnant slope, UAV
3D image technology was used to identify fractures and in-
vestigate geological conditions. As shown in Figs. 6 and 7,
based on the high-resolution 3D image model of the remnant
slope and field geological investigations, the distribution and
occurrence features of the fractures have been analysed, as
shown in Fig. 7b. The results show that there are two groups
of preferred fractures which developed in the top area of the
back scarp of the remnant slope.

One group of the preferred fractures f; is mainly distributed
in nearly east-west directions with steep dip angles of 78-83°.
The majority of the cracks are open, and one of the widest
cracks found in this area reaches 3040 cm in width, with a
visible depth of 1.0-1.5 m and stretching for 3—15 m. The
longest crack reaching 60 m is found at a distance of 12—
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Fig.7 Fracture identification and statistics using unmanned aerial vehicle
(UAV) 3D image technology: a fracture identification; b fracture statistics

20 m from the top edge of the slope with an open width of 10—
15 cm and a visible depth of 1.0-1.5 m, zigzagging to the
downstream side of the top edge of the slope (Fig. 6b). The
other cracks are distributed in various sizes, and most of them
stretch approximately parallel to the landslide surface, follow-
ed by some stretching approximately perpendicular to the
surface.

Another group of preferred fractures f; is developed at the
downstream top area of the slope, approximately perpendicu-
lar to the landslide surface because of unloading failure in
another steep free surface downstream of the slope. The frac-
tures f, are approximately parallel to the downstream free
surface of the slope with a strike of N15°-55°E, a dip direction
to the NW and a dip angle of 76-83°. However, the stretch
lengths, opening widths and visible depths of the fractures f,
are much lower than those of the fractures f;. Another notable
feature is that the density, opening degree, porosity and con-
nectivity of the fractures, whether f; or f,, decrease with dis-
tance from the edge of the slope, as shown in Fig. 6a.

These tension fractures, combined with original disadvan-
taged structural surfaces, such as interlaminar shear cracks and
structural joints, form the main discontinuities at the back
scarp of the remnant slope. The rock mass is highly damaged
and broken, and the rock fall instability phenomena at the back
scarp of the remnant slope pose a significant threat to the
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construction workers and mechanical equipment at the base
of the slope.

Toppling and collapse analyses of the remnant slope

The stability problem of the rock mass at the back scarp of the
remnant slope is prominent under unfavourable conditions,
such as aftershocks and rainstorms, because the tension
cracks, new unloading cracks, original disadvantage structure
surfaces and block bodies combine under these factors.

As shown in Fig. 8a, aftershocks have occurred frequently
in the Hongshiyan landslide area since the 2014 Ludian Ms
6.5 earthquake. By the end of August 2017, at least 32 after-
shocks registering a 3.0 magnitude or higher have followed
the main temblor. These aftershocks have a great effect on the
security and stability of slopes, especially for earthquake-
induced slopes such as the remnant slope of the Hongshiyan
landslide. As shown in Fig. 9a, the aftershocks have a similar
effect mechanism as that of the main tremblor on the slopes.
The bulge shape (three-sided hanging) and the steep slope
surface have a significant seismic amplification effect on the
back scarp of the remnant slope. Moreover, the deep steep
tension fractures cut the rock mass at the back scarp of the
remnant slope into many column-shaped potentially unstable
rock blocks, which means that the relatively independent po-
tentially unstable blocks were more strongly affected by seis-
mic loadings during the aftershock. At the same time, a
wedge-splitting effect should not be ignored as seismic load-
ing provides a tension—compression cycle stress state during
the aftershock. In the compression stress state, the tension
fractures have a closing tendency, while the existence of de-
bris falling during the previous formation and expansion of
tension fractures would cause splitting stresses at the tips of
the tension fractures (Feng et al. 2009; Zhou et al. 2013). As
the seismic accelerations generally decrease from the top to
the bottom of the slope, the differential distribution of seismic
acceleration would induce shear stress concentrations at the
tips of the tension fractures. As a consequence, the tension
fractures have a tendency to propagate along the shear stress
and toward the landslide surface. Finally, tension—shear failure
occurs, and toppling and small collapses occur (Zhou et al.
2010; Stead and Wolter 2015).

As shown in Fig. 8b, the Hongshiyan landslide area in
southwestern China belongs to a typical mainland monsoon
climate; rainfall occurs unevenly throughout the year, mainly
from July to September. The annual average precipitation is
852.8 mm, while the precipitation from July to September
reaches 579.9 mm, accounting for approximately two-thirds
of the annual precipitation. The maximum monthly precipita-
tion even reaches 326.0 mm. As shown in Fig. 9b, heavy
rainfall has a notable effect on the security and stability of
the remnant slope. Rainfall infiltration forms a hydrostatic
pressure zone on the back edge of the tension fracture and
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Fig. 8 Unfavourable conditions
at the Hongshiyan landslide area:
a aftershock occurrence at the
Hongshiyan landslide area since
the 2014 Ludian Ms 6.5
earthquake; b monthly average
rainfall in Ludian County

Monthly rainfall (mm)

induces new extension of the tension fractures. Due to the
existence of the potential shear surface, which dips toward
the landslide surface, hydrodynamic pressure is induced by
persistent rainfall infiltration, affecting and eroding the poten-
tial shear surface. At the same time, rapid rainfall infiltration
forms an uplift pressure, increases the pore water pressure and
reduces the effective stress of the rock block. Moreover, rain-
fall infiltration has a significant softening effect, which softens
the rock mass and the structural plane and reduces the effec-
tive cohesion and internal friction angle. In summary, persis-
tent rainfall infiltration not only softens rock mass and reduces
rock mass mechanical indicators, but it also composes the
main load on the rock block. Toppling and small collapse
are caused by the softening of the rock mass, erosion of the
potential shear surface, reduction of effective stress and the
corresponding stress adjustment of the rock slope due to rapid
rainfall infiltration (Alejano et al. 2010; Smith 2015).

In an extreme circumstance where an aftershock occurs
during the rainy season, under the tension—compression cycle
stress state, the tension fracture and shear surface have an
instantaneous closing tendency because of the compression
stress, the pore space volume decrease and pore water passage
blockage. The pore water cannot be dissipated promptly,
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inducing an instant excessive static pore water pressure and
decreasing the effective stress. Tension fractures extend rap-
idly because of the coupling effect of tension and shear stress,
as well as the excess static pore water pressure accumulation.
This mechanism is similar to the wedge-splitting effect, which
would induce rapid toppling and collapse at the back scarp of
the remnant slope.

Therefore, the remnant slope is stable overall, while top-
pling and small collapse are possibly occurring along the edge
of the landslide surface, particularly at the back scarp of the
remnant slope because of the steep landslide surface, well-
developed tension fractures, highly damaged rock mass and
frequent occurrence of aftershocks and rainstorms.

Discussions

Specialty of Hongshiyan landside

The Hongshiyan landslide is a typical earthquake-induced
failure; however, the failure mode and formation mechanisms

are significantly different from conventional landslides. For
the conventional landslide shown in Fig. 10a, the stress at
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Fig. 9 Toppling and collapse analysis of the rock mass at the back scarp
of the remnant slope under aftershock conditions (a) and under rainstorm
conditions (b)

the surface of the slope can be summarised as the following
state: the maximum principal stress o is approximately par-
allel to the surface of the slope, the minimum principal stress
o3 1s approximately perpendicular to the surface of the slope
and the intermediate principal stress o, is approximately par-
allel to the strike of the slope. The slope failure follows the
principle of limit equilibrium and the Mohr—Coulomb criteri-
on. The minimum principal stress o3 is a compressive stress
and, at best, a small unloading tension stress. Shear stress
concentrations initially occur at the weak faces and the slope
toe. Then, a short shear slip belt forms and gradually pierces.
The slope deforms toward the free surface, inducing tension
stress concentrated at the upper edge of the slope. In addition,
tension fractures finally occur and the landslide befalls
(Brideau et al. 2009; Clague and Stead 2012).

For the Hongshiyan landslide shown in Fig. 10b, the seis-
mic loads first induce numerous tension fractures, forming the
steeply sloped open surface of the back edge. Then, tension—
shear failure occurs along the controlling fault zone of F5 and
forms the sliding surface of the forward edge because of the
continuous acceleration seismic waves. The sliding block is
shattered and crushed under the complex tension—
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Fig. 10 Failure mechanism comparison between the Hongshiyan
landslide and a conventional landslide: a conventional landslide; b
Hongshiyan landslide

compression cycle stress. The crushed rock masses “pour
down” as avalanches rather than sliding off as conventional
landslides. The large steeply sloped open surface of the back
edge is the main failure face that controls the Hongshiyan
landslide. In addition, large numbers of tension fractures de-
veloped at the back scarp of the remnant slope of the
Hongshiyan landslide. These fractures are basically steep,
open and approximately parallel to the free surface (Fig. 6b,
¢). As for conventional landslides, the shear slip faces in the
forward edge usually control the slope failure and the tension
fractures at the top edge are much smaller and shallower in
comparison to those of the Hongshiyan landslide.

Corresponding treatments for the remnant slope

The steep landslide surface, highly damaged rock mass and
the well-developed fractures have a remarkable effect on the
stability of the remnant slope. The stability condition of the
remnant slope after the Hongshiyan landslide is worse than
that of a conventional landslide under the same conditions.
Toppling and small collapse are most likely to occur under
unfavourable conditions, such as aftershocks and rainstorms.

Due to the density, opening degree, porosity and connec-
tivity of the fractures, as well as the instability risk
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probabilities of the rock mass, the remnant slope can be divid-
ed into three zones: the seismically damaged zone, the
unloading damaged zone and the stable zone (as shown in
Figs. 6a and 9). The seismically damaged zone is near the
edge of the landslide surface with a width of 10-30 m, and
the rock mass is highly damaged because of the earthquake,
the sudden dynamic unloading and the rebounding deforma-
tion after the landslide. Tension fractures are densely devel-
oped with a spacing of approximately 5 m. These fractures are
approximately parallel to the landslide surface with a wide
opening of 1-40 cm. Toppling and small collapse are most
likely to occur in this area because of the steep landslide sur-
face, highly damaged rock mass and tension opening frac-
tures. The unloading damaged zone is next to the seismically
damaged zone and approximately 40-60 m from the edge of
the landslide surface. Numerous unloading fractures devel-
oped in this area, while the density and opening degree gen-
erally do not exceed 5 m and 15 cm, respectively, which are
much smaller than those of the seismically damaged zone. The
rock mass is stable in a static state, while tension cracks are
increasing continuously because of the time-dependent
unloading and deformation induced by the steep landslide
surface. Unloading failure may occur in this area if the seis-
mically damaged zone fails and slides without treatment.
Outside the unloading damaged zone is the stable zone, where
few cracks can be found and the rock mass is relatively intact
and stable.

Hence, in order to guarantee the safety of the high rock
slope and reduce secondary earthquake or rainstorm disasters,
comprehensive treatment measures must be taken to ensure
the long-term stability of the remnant slope. Slope cutting
must be used to clean the unstable rock mass in the seismically
damaged zone and the unloading damaged zone, reducing the
slope and increasing stability. Active support systems, such as
rock bolts, prestressed cables and shotcrete—bolting—mesh are
applied to strengthen the slope and reduce unloading damage.
Coaction of rock bolts and shotcrete are employed to reinforce
potentially unstable rock blocks. Closing treatment and con-
crete replacement are used for the unexcavated fractures and
weak structural planes. Loose bodies and local potentially
unstable rock masses along the edge of the remnant slope
should be eliminated, and a passive prevention net must be
set to prevent gravel slide. Slope protection and drainage sys-
tems must be set at the stable zone along the ridge line. Finally,
much greater importance should be attached to slope stability
monitoring and early warning.

Conclusions

The dynamic process and formation failure mechanism of the
Hongshiyan landslide are significantly different from conven-
tional landslides. Combined with field investigations and

unmanned aerial vehicle (UAV) 3D image technology, the
formation failure mechanism of the Hongshiyan landslide
has been qualitatively analysed, and the stability evaluation
of the remnant slope has been qualitatively studied and
discussed. The following can be concluded from this study:

1. The Hongshiyan landslide is a typical earthquake-induced
failure, with seismic loads and the adverse terrain being
the main reasons for its formation.

2. The dynamic process and formation failure mechanisms
of the Hongshiyan landslide are obviously different from
conventional landslides. The dynamic process of the
Hongshiyan landslide can be divided into three stages: a
time-dependent deformation stage, an earthquake-
induced failure stage and an unloading recovery stage.
The failure mechanism can be summarised as tension—
crush—shattering—sliding.

3. Toppling and small collapse are possibly occurring at the
top edge of the back scarp of the remnant slope because of
the steep landslide surface, well-developed tension frac-
tures, highly damaged rock mass and the frequent occur-
rence of aftershocks and rainstorms.

4. To evaluate the stability and propose reasonable treatment
measures, the remnant slope can be divided into three
zones: the seismically damaged zone, the unloading dam-
aged zone and the stable zone.

5. To guarantee the safety of the high rock slope and reduce
secondary earthquake or rainstorm disasters, correspond-
ing comprehensive treatment measures must be taken to
ensure the long-term stability of the remnant slope.
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