
Landslides (2019) 16:1993–2004
DOI 10.1007/s10346-019-01240-5
Received: 25 January 2019
Accepted: 4 July 2019
Published online: 25 July 2019
© Springer-Verlag GmbH Germany
part of Springer Nature 2019

Luqi Wang I Yueping Yin I Zhihua Zhang I Bolin Huang I Yunjie Wei I Peng Zhao I Mingjun Hu

Stability analysis of the Xinlu Village landslide
(Chongqing, China) and the influence of rainfall

Abstract On June 28, 2016, a landslide occurred in Xinlu Village,
Qijiang District, Chongqing, China. The landslide volume was
854,200 m3. Exposed to continuous rainfall, the rocky part of the
trailing edge slipped first, and then the soil part of the leading edge
was pushed downward. Numerical simulations were used to ana-
lyze the formation characteristics of the landslide and to predict
the stability of the landslide after the slip. In order to ensure the
accuracy and rationality of numerical calculation, we used field
surveys, laboratory tests, and back-calculation to restore the typ-
ical sections, determine the relevant mechanical parameters, and
control boundary conditions. The displacement, stress, effective
plastic strain distribution, and safety factor, obtained by numerical
calculation, were compared to examine the action of rainfall.
According to the evaluation of landslide stability and numerical
calculation results, the Xinlu Village landslide remained in a peri-
staltic stage after the initial overall sliding, and additional sliding
could occur under storm conditions.

Keywords Rainfall-induced landslide . Formation
mechanism . Slumping slide . Numerical simulation

Introduction
Landslides cause significant casualties and economic losses every
year. One important cause of landslides is rainfall, and rainfall-
induced landslides have always been the focus of landslide re-
search (Crosta and Frattini 2008; Liao et al. 2010; Clague and
Stead 2012; Yin et al. 2016; Wang et al. 2019).

In recent decades, with the development of computer technology
and related numerical analysis software, numerical simulation has
become one of the most popular methods for analyzing the forma-
tion mechanism and stability of rainfall-induced landslides (Rahimi
et al. 2011; Ren et al. 2016; Gao et al. 2017). Compared with theoretical
research and model testing (Ling et al. 2010; Wu 2015; Irfan et al.
2017), the advantage of numerical simulation is that it can simulate
the formation characteristics of landslides under various conditions
through reasonable numerical model analyses. This facilitates un-
derstanding of the failure mechanism of landslides, the evaluation of
stability, and management for disaster prevention (Wen et al. 2018).
However, the accuracy of numerical simulation when studying
rainfall-induced landslides depends not only on the comprehensive
analysis of geological conditions (Hungr and Evans 2004; Li et al.
2018) but also on the type of mechanical model, the boundary
conditions, and selection of the mechanical parameters (Zhang
et al. 2015; Cheng et al. 2018; Lin et al. 2018).

The Xinlu Village landslide studied here slipped under the
effect of continuous heavy rainfall in a short time. The trailing
edge of the landslide was rock, and the leading edge was soil. In
addition, a secondary disaster of debris flow was caused by land-
slides in this study area. Because the failure mechanism of the
landslide was complicated, field surveys, laboratory tests, and
back-calculation were used to ensure the accuracy and rationality
of numerical calculation in this paper. Furthermore, by comparing

the numerical calculation results under different conditions, the
influence of rainfall on the landslide and the prediction of trends
were analyzed.

Overview of the landslide
From June 26 to June 28, 2016, the study area experienced contin-
uous heavy rain. The cumulative rainfall was approximately
160 mm, which caused a large number of landslides and collapses.
Among these, the Xinlu Village landslide (106° 44′ 50″ E, 28° 43′ 36″
N; Fig. 1) closed the railway and caused the collapse of four houses.
It threatened multiple residences on the front edge of the landslide
and endangered rescue workers who were repairing the closed
Sichuan–Guizhou railway. The landslide was located on the right
bank of the Songkan River and above the Leihoudong tunnel of
the Sichuan–Guizhou railway. The landslide had a length of 452.6
to 514.2 m, a horizontal width of 108.1–130.4 m, with an area of
56,200 m2, a thickness of 5.5–35.1 m (mean thickness = 15.3 m), and
a volume of approximately 854,200 m3. It was a medium-sized
landslide, and the main slide direction was approximately 270°.

Two groups of structural fractures developed in the study area.
The representative occurrence of the first group of structural
fractures was 62°∠86°, with a spacing of 1 to 3 m, an opening from
1 to 5 mm, no filling, and an extension length from 2 to 10 m. The
representative occurrence of the second group of structural frac-
tures was 160°∠75°, with a spacing of 1 to 5 m, an opening from 1 to
5 mm, no filling, and an extension length from 2 to 15 m.

The landslide was located on the gentle slope of the lowmountain
valley formed by the Songkan River. The main strata of the landslide
were artificial deposits (Q4

ml), landslide deposits (Q4
del), residual

slope deposits (Q4
el + dl), and collapsed deposits (Q4

col) of the Qua-
ternary Holocene. The exposed bedrock was mainly mudstone and
sandstone of the Mid-Jurassic Shaximiao Formation (J2s).

Human engineering activities in the landslide area mainly in-
volved the construction of the Sichuan–Guizhou railway at the
leading edge of the slope, resulting in the excavation of the toe
of the slope, which provided spatial conditions for a landslide.

Deformation characteristics of the landslide
At 7:30 p.m. on June 28, 2016, overall slippage of the Xinlu Village
landslide occurred. The sliding distance of the rock mass on the
trailing edge was approximately 30 m, forming a tension crack slot.
The rear part of the landslide was a rocky slope, and themiddle-front
part was a soil slope, which was an early Caifengyan landslide.

After the landslide slip, the rock debris in the rear part of the
landslide fragmented, and the central and frontal areas were
densely split. There were several deformation cracks in the north-
ern frontal residential area.

Nine sections and 17 drill holes were used to analyze the
formation characteristics of the landslide (Fig. 2). The field inves-
tigation showed that the rear sliding mass was the debris of
mudstone after disintegration, and the middle-front sliding mass
was mainly silty clay and gravel. The sliding zone of the middle-
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front soil part was breccia, and the sliding zone of the rocky part
was the weak muddy interlayer between rock layers. The slide bed
was mainly sandstone of the Mid-Jurassic Shaximiao Formation
(J2s). Based on the deformation of the landslide and the develop-
mental characteristics of the surface cracks, the landslide was
divided into a rear slip progressive area (Area I), a mid-front
extrusion area (Area II), and a north-front extrusion deformed
area (Area III). Among these, Area II was divided into the central
extrusion bulge sliding subzone (Area II1), the south-lateral extru-
sion loose slump subzone (Area II2), and the front extrusion loose
slump subzone (Area II3) (Zhao et al. 2018; Fig. 2).

Failure mode of the landslide
Under the action of the high fissure-water pressure and the sliding-
surface-lift pressure caused by continuous rainfall infiltration, the
rocky part on the trailing edge of the landslide slipped first. After

being pushed and squeezed by the rear rocky part of the landslide,
the front original Caifengyan landslide could not provide sufficient
anti-sliding force and directly slipped. Therefore, the failure mode of
this landslide was defined as a slumping slide.

According to the site investigation, the deformation of the original
Caifengyan landslide gradually developed from front to back, and the
deformation of the front edge was more intense. Therefore, the failure
mode of the original Caifengyan landslide was a loose slide.

The steep slopes on the south and at the front of the landslide
were weak stress areas. After silty clay and gravel were squeezed,
they were extruded directly on the steep slope. The large number
of deformation cracks that developed provided paths for the
infiltration of rainfall. During the rainy season, the soil could
quickly become saturated, and the shear strength would be re-
duced. Thus, an arc-shaped instability occurred, and a secondary
disaster of debris flow formed along the steep slope.

Fig. 1 Location of the Xinlu Village landslide
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Fig. 2 Overview of the Xinlu Village landslide
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The Xinlu Village landslide was in a peristaltic stage after the
overall sliding and was in an unstable state. After heavy or con-
tinuous rainfall, it is possible that the landslide will slip again. The
sliding mass that had been squeezed at the front and southern
edge of the landslide may partially collapse.

Selection of geotechnical parameters and the establishment of a
numerical model
Based on a laboratory test, the mechanical parameters of the
sliding zone were back-calculated, and the typical section before
the slip was restored. The 1-1′ section was taken as an example to
carry out relevant calculations.

Back-calculation model and method
The rocky part of the trailing edge underwent plane sliding, and
the sliding zone of the middle-front soil part was the geotechnical
interface, which was presented as a polyline. Limit equilibrium
theory and the polyline-type sliding transfer coefficient method
(Technical code for building slope engineering 2013; Li 2016; Fig. 3)
were used to calculate the stability of the landslide as a whole as
well as the mid-front of the original Caifengyan landslide.

The formulas used in the back-calculation model are as follows:

Fs ¼
∑n−1

i¼1 Ri∏n−1
j¼iψ j

� �
þ Rn

∑n−1
i¼1 Ti∏n−1

j¼iψ j

� �
þ Tn

ð1Þ

Ri ¼ Wicosαi−Qisinαi þ Disin βi−αið Þ−Vsinαi−Ui½ �tanφi þ cili ð2Þ

Ti ¼ Wisinαi þ Qicosαi þ Dicos βi−αið Þ þ Vcosαi ð3Þ

ψ j ¼ cos αi−αiþ1ð Þ−sin αi−αiþ1ð Þtanφiþ1 ð4Þ

∏n−1
j¼iψ j ¼ ψiψiþ1ψiþ2ψiþ3…ψn−1 ð5Þ

Di ¼ γwhilicosαiβi ð6Þ

V ¼ 1
2
γwh

2
w ð7Þ

Ui ¼ 1
2
γwhwl ð8Þ

Fig. 3 Method for calculation of the transfer coefficient
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Fig. 4 The 1-1′ section before and after the June 28, 2016, slip
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where Fs is the stability coefficient of the landslide; ψi is the
transfer coefficient when the remaining sliding force of the i-th
calculation block is transmitted to the (i + 1)-th calculation block;
Ri is the anti-sliding force of the i-th calculation block (kN/m); Ti
is the slip force of the i-th calculation block (kN/m); Ni is the
component force in the normal direction of the i-th calculation
block sliding surface (kN/m); cj is the standard value of the slip
surface cohesion of the i-th calculation block (kPa); φi is the
standard value of the friction angle of the sliding surface of the
i-th calculation block (°); li is the i-th calculation block slip surface
length (m); Wi is the sum of the i-th calculation block weight and
the ground load (kN/m); αi is the slip angle of the i-th calculation
block (°) and is taken as negative when the slip direction is
reversed; Di is the water pressure of the i-th calculation block (kN/
m); V is the water pressure on the trailing edge of the landslide (kN/
m); Ui is the water pressure of the i-th calculation block slip surface
(kN/m); γw is the unit weight of water, taken as 10 kN/m3; hi is the
height of the i-th calculation block from the groundwater level to the
water level of the river (m); hw is the height of the fracture filling
water (m); βi is the average dip of the groundwater streamline (°);
and γ is the unit weight of the rock and soil (kN/m3).

For the groundwater and hydrodynamic pressure in the land-
slide area, we adopted the following:

(i) Observations revealed that the groundwater level in the land-
slide area was 0.6–38.1 m. The groundwater depth varied
greatly, and the distribution was uneven. This indicated that
there was no consistent or continuous groundwater level in
the landslide area. Therefore, when calculating the stability of
the landslide, the hydrodynamic pressure of the groundwater
was not considered under storm conditions.

(ii) According to the drilling pumping test, the permeability
coefficient of the sliding mass was 0.006–0.310 m/day, which
indicated poor permeability. Therefore, a wet unit weight was
adopted under storm conditions, and the dynamic water
pressure was ignored. In addition, a large number of cracks
formed after the overall slippage of the landslide, which

provided paths for rainfall infiltration. In the rainy season,
the sliding mass will quickly fill with water and will increase
its self-weight. Hence the sliding mass was calculated to be in
a saturation state under storm conditions.

(iii) The high fissure-water pressure in the trailing edge crack of the
landslide and the slip surface water pressure formed by the
rainfallwere thedirect inducers of theoverall landslide on June 28,
2016. The fracture water pressure during the back-calculation was
calculated as one-third of the fracture depth (Li 2016). After the
initial slip on June 28, the trailing edge crack slot was open, and
thus the fracture water pressure was no longer calculated.

Test values
The geotechnical parameters involved in the back-calculation pro-
cess were mainly unit weight and shear strength, which were
obtained as follows:

The unit weight of the sliding mass The sliding mass on the
trailing edge of the landslide was the mudstone of the Mid-
Jurassic Shaximiao Formation (J2s). The calculated value of the
rocky sliding mass was taken as the test value. The dry unit weight
of the mudstone was 25.46 kN/m3, and the wet unit weight was
25.56 kN/m3. The sliding mass in the mid-front extrusion area was
silty clay and gravel. The unit weight of the soil sliding mass was
calculated based on the 1:1 unit weight of the silty clay and sand-
stone test values. The dry unit weight of silty clay and gravel was
21.81 kN/m3, and the wet unit weight was 22.11 kN/m3.

The shear strength of the sliding zone The original Caifengyan
landslide had undergone an overall slip before the Xinlu Village
landslide. The sliding zone was the breccia between the rock and
soil and was completely connected with a thickness of 0.2–6.5 m.
According to the Technical code for building slope engineering
(Chinese National Standard), the test value of the friction angle
was multiplied by an adjustment factor of 1.25 (when the content
of coarse materials on site was higher than that of the test soil).

Table 1 Back-calculated safety factor of the landslide before the slip

Landslide area Shear out location Safety
factor

Stability
state

Evaluation

Overall landslide (soil pushed
forward by the rear rock)

West of the residential area 1.036 Stable The rocky part on the trailing edge of
the landslide actively slipped under the
action of the fissure-water pressure and
the sliding-surface-uplift pressure. The
soil part of the leading edge slipped and
sheared out at the north gully. Although
the residential area was deformed, it did
not slip overall. The stability state was
consistent with the deformation characteristics.

North Gully 0.952 Unstable

Front soil part

(original Caifengyan landslide)

West of the residential area 1.231 Stable

North Gully 1.115 Stable

Table 2 Back-calculation results for shear strength of the sliding zone

Sliding zone Natural shear strength Saturation shear strength
Cohesive force (kPa) Friction angle (°) Cohesive force (kPa) Friction angle (°)

Weak muddy interlayer
between rock layers

28.00 15.00 25.0 12.8

Breccia 23.20 12.69 20.5 11.76
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The cohesive force (c) in the natural state was 22.10 kPa, and the
friction angle (φ) was 12.69°, whereas under the saturated state, c
was 20.50 kPa, and φ was 11.23°.

Empirical values
The rocky part of the landslide slid along the weak muddy inter-
layer, containing a small amount of gravel. The interlayers on both
sides were flat and smooth. Here, c in the natural state was
28.0 kPa, and φ was 15.0°, whereas under the saturated state, c
was 25.0 kPa, and φ was 12.8° (Li 2016).

Back-calculated values
According to the landslide formation characteristics and the
failure mode, the pre-slip section recovery assumptions were
as follows:

(i) The residual rock mass on the trailing edge of the landslide
slipped overall as the rigid body;

(ii) Assuming that the front part of the landslide was a plastic
body, it will swell and bulge after being squeezed and will slip
overall after counteracting part of the sliding movement of
the rigid body on the trailing edge;

Table 3 Numerical calculation parameters

Operating condition Lithology Unit weight
(kN/m3)

Elastic
modulus (kPa)

Poisson’s
ratio

Cohesion
(kPa)

Friction
angle (°)

Natural conditions Silty clay and gravel 21.81 46400 0.36 23.70 15.92

Mudstone 25.46 5070000 0.26 423.20 36.00

Sandstone 25.70 11500000 0.24 1678.20 44.29

Weak muddy interlayer
between rock layers

24.36 3800 0.20 28.00 15.00

Breccia in the sliding zone 20.71 3000 0.28 23.20 12.69

Debris of mudstone 25.46 57300 0.33 25.60 16.20

Rainstorm conditions Silty clay and gravel 22.11 40500 0.32 22.00 13.23

Mudstone 25.56 4030000 0.22 412.60 33.20

Sandstone 25.80 10500000 0.20 1568.30 42.30

Weak muddy interlayer
between rock layers

24.46 3500 0.18 25.00 12.80

Breccia in the sliding zone 20.81 2800 0.25 20.50 11.76

Debris of mudstone 25.56 51650 0.30 24.20 14.50

Legend

Sandstone Mudstone

Silty clay and gravel

Legend
Weak muddy interlayer between rock layers

Breccia in the sliding zone

Debris of mudstone

(a)

(b)

Fig. 5 a Numerical model of the 1-1′ section before the slip. b Numerical model of the 1-1′ section after the slip
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(iii) The residential area in the northern front part of the land-
slide was the sub-area of the extrusion deformation zone;
there was no overall slip, so the section was unchanged;

(iv) There was considerable collapsed debris in the tension crack
slot on the trailing edge of the landslide, which was restored
according to the principle of equal volume;

(v) The bedrock surface of the landslide was unchanged.

Based on the above assumptions, the 1-1′ section was subjected
to the pre-slip section recovery, and the recovery result is shown in

Fig. 4. The back-calculation of the shear strength of the restored 1-
1′ section was assumed to be as follows:

(i) The 1-1′ section was bounded by the gully. The rear part was
the slip progressive area and its safety factor was 0.95–0.98.
The safety factor of the deformed area at the northern front of
the landslide was approximately 1.05;

(ii) The rear rocky part slid along the soft muddy interlayer under
the action of the high fracture water pressure and the surface
water pressure, which were the key influential factors. There-
fore, the stability factor was greater than 1.00 without the

(a) Total displacement distribution under natural conditions 

(b) Total displacement distribution under storm conditions

(c) Horizon stress distribution under natural conditions 

Fig. 6 Displacement and stress distribution under different working conditions prior to the June 28, 2016 slip (a). Total displacement distribution under natural conditions
(b). Total displacement distribution under storm conditions (c). Horizon stress distribution under natural conditions (d). Horizon stress distribution under storm conditions
(e). Vertical stress distribution under natural conditions (f). Vertical stress distribution under storm conditions
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fracture water pressure and the sliding-surface-uplift pressure,
and the stability factor was less than 0.98 with the fracture
water pressure and the sliding-surface-uplift pressure;

(iii) According to the indications of an on-site survey, the orig-
inal Caifengyan landslide was in an unstable state or a
basically stable state before the overall slip, with a safety
factor of 1.05 to 1.10.

Based on the above assumptions, the 1-1′ section of the land-
slide was back-calculated. The back-calculated safety factor of the
landslide before the slip is shown in Table 1, and the shear strength
parameters of the sliding zone obtained from the back-calculation
are shown in Table 2.

Comprehensive selection of parameters
According to the laboratory test, engineering analogy, and back-
calculation, the required parameters for numerical calculation are
shown in Table 3. The finite element method was used to simulate
the landslide by the Midas GTS (Midas Geo-Technical analysis
System). The Mohr–Coulomb constitutive model was used for
the rock and soil involved in the numerical simulation. For the
parameters of the rock mass, the elastic modulus, Poisson’s ratio,
and the cohesion and friction angle were obtained by the uniaxial
compression test and triaxial compression test (Cai 2017). The
shear strength parameters of the sliding zone were obtained by
back-calculation, and the elastic modulus and Poisson’s ratio for
soil were determined in accordance with Lambe and Whitman
(1979) and Li (2016).

(d) Horizon stress distribution under storm conditions 

(e) Vertical stress distribution under natural conditions 

(f) Vertical stress distribution under storm conditions 

Fig. 6 (continued)
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Numerical simulation was conducted through the c–φ reduction
algorithm using finite elements. When the slope reached instability,
the numerical non-convergence occurred simultaneously. The safety
factor was then obtained by the c–φ reduction algorithm (Zhao et al.
2002). The back-calculated shear parameters were taken as the mechan-
ical properties of the sliding zone. The sliding mass, sliding zone, and
bedrock were all divided by the multi-node element. Among them, the
sliding zone was set as a striped area with a certain thickness (Liu and

Zheng, 2006). The lateral boundary of the numerical calculation model
was constrained by the horizontal displacement, and the bottom surface
was constrained by the two-direction displacement. Hydrostatic pres-
sure was applied to the trailing edge crack of the slope before the slip
under storm conditions. The tension crack slot on the trailing edge of
the slope after the slip was a loose deposit, so the hydrostatic pressure
was no longer considered. Under storm conditions, the slidingmasswas
set to be in the saturated state because a large number of cracks occurred

(a) Total displacement distribution under natural conditions 

(b) Total displacement distribution under storm conditions

(c) Horizon stress distribution under natural conditions

Fig. 7 Displacement and stress distribution under different working conditions prior to the June 28, 2016, slip (a). Total displacement distribution under natural
conditions (b). Total displacement distribution under storm conditions (c). Horizon stress distribution under natural conditions (d). Horizon stress distribution under storm
conditions (e). Vertical stress distribution under natural conditions (f). Vertical stress distribution under storm conditions
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in the landslide surface, and the uplift pressure would be adapted on the
slide plane. Note that the location of the sliding planewas determined by
on-site drilling (Fig. 2 and Fig. 4). The numerical simulation of the
section 1-1′ was carried out under different sets of conditions, and the
calculation models are shown in Fig. 5.

Results
The numerical calculation results were analyzed as follows.

Before the slip The total displacement and the stress distribution
under different working conditions before the slip are shown in Fig. 6.
The calculation results show that under natural conditions, the max-
imum displacement was concentrated in the connection area between
the mudstone and silty clay. The front soil part did not provide

sufficient anti-sliding force after the continuous rainfall. Under storm
conditions, the displacement of the mudstone on the trailing edge also
formed a displacement concentration zone, which was consistent with
the previous analysis of the slipmechanism. Under natural conditions,
the maximum displacement was 0.14 m, and the maximum displace-
ment under storm conditions was 0.31 m, which was 2.24 times greater
than that under natural conditions. The stress distribution of the
section was similar under different conditions. The horizon stress
was concentrated on the mudstone at the trailing edge of the sliding
mass, and the vertical stress was concentrated on the surface area of
the sliding mass. The maximum horizon stress under storm condi-
tions was 1.37 times greater than that under natural conditions, and the
maximum vertical stress under storm conditions was 2.33 times great-
er than that under natural conditions.

(d) Horizon stress distribution under storm conditions 

(e) Vertical stress distribution under natural conditions

(f) Vertical stress distribution under storm conditions 

Fig. 7 (continued)
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After the slip The displacement and the stress distribution under
different working conditions after the slip are shown in Fig. 7. The
calculation results show that under natural conditions, the maximum
displacement was concentrated on the trailing edge of the original
Caifengyan landslide, i.e., the connection area between the mudstone
and silty clay. The maximum displacement convergence area also
appeared on the front of the crack slot under storm conditions. The
maximum displacement value of the section caused by heavy rain was
2.08 times greater than that under natural conditions. After slipping,
stress distributions were similar under the different conditions. The
horizon stress was concentrated in the interlayer of the rocky part on
the trailing edge of the landslide, and there was a significant stress
difference in the mudstone sliding mass. The vertical direction stress
was concentrated on the surface of the slidingmass. The appearance of

the crack slot after the slip led to the stress release, and the squeezing
effect of the trailing edge of the landslide was weakened. The maxi-
mum stress value of the landslide area was considerably reduced
compared with that before the slip. At the same time, the sensitivity
of the stress state to the heavy rainwas also further reduced. Therefore,
the maximum stress under storm conditions was only slightly in-
creased compared with the maximum stress under natural conditions.

Stability analysis The safety factor of the section before and after
the slip under different working conditions was obtained by the
c–φ reduction algorithm, and the plastic zone distribution before
the slip is shown in Fig. 8(a, b). The distribution of the plastic
deformation zone under different working conditions was similar
and was connected along the sliding zone on the trailing edge of

0.0000 0.0683 0.2102 0.3847 0.5953 0.8165 1.0546 1.3282 1.9010

Effective plastic strain

0.0000 0.0656 0.1493 0.3130 0.5422 0.7854 1.0396 1.3047 3.1532

Effective plastic strain

 (a) Distribution of the effectiv e plastic strain before the slip under natural conditions

(safety factor 1.05) 

(b) Distribution of the effective plastic strain before the slip under storm conditions  
(safety factor 0.97) 

Fig. 8 Distribution of effective plastic strain before and after the June 28, 2016, slip (a). Distribution of the effective plastic strain before the slip under natural conditions
(safety factor 1.05) (b). Distribution of the effective plastic strain before the slip under storm conditions (safety factor 0.97) (c). Distribution of the effective plastic strain
after the slip under natural conditions (safety factor 1.03) (d). Distribution of the effective plastic strain after the slip under storm conditions (safety factor 0.98)
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the soil part (original Caifengyan landslide). Under storm condi-
tions, the plastic strain zone of the section expanded, and the
safety factor decreased from 1.05 to 0.97. The plastic zone distri-
bution after the slip is shown in Fig. 8(c, d). The distribution of the
plastic deformation area of the section under different working
conditions was also similar, and the plastic strain zone connected
from the crack slot to the shear out of the soil part. Under the
storm conditions, the plastic strain zone further expanded, and the
safety factor decreased from 1.03 to 0.98.

Discussion
There were several similar situations in the numerical analysis before and
after the slip. Firstly, the maximum displacement of the section under
storm conditions was approximately 2 times that under natural condi-
tions, both before and after the slip. The maximum displacement of the
section was concentrated on the trailing edge of the original Caifengyan
landslide, and under the storm conditions, the maximum displacement

concentrated area extended to themudstonepart. Secondly, the horizontal
stress was concentrated in the mudstone part, and a considerable stress
difference formed in the sliding zoneof themudstonepart. This promoted
the instability and slip of the landslide. Thirdly, the vertical stress was
concentrated on the surface portion of the sliding mass.

However, the stress state changed because of the change in
surface morphology after the slip. Before the slip, the stress state
of the section was sensitive to rainfall. The maximum horizontal
stress of the section under storm conditions was 1.37 times that
under natural conditions, and the maximum vertical stress under
storm conditions was 2.33 times that under natural conditions.
After the slip, due to the occurrence of the crack slot, the integrity
of the landslide was destroyed and the stress was greatly reduced.
At the same time, the sensitivity to heavy rain was further reduced.
In addition, under storm conditions, the section was in an unsta-
ble state before and after the slip. The numerical calculation
results of the landslide were basically consistent with the macro-
scopic judgment of landslide stability.

0.0000 0.1463 0.3178 0.5079 0.7095 0.9469 1.2040 1.4936 2.6960

Effective plastic strain

0.0000 0.1452 0.3045 0.4718 0.6488 0.8323 1.0184 1.2376 2.1034

Effective plastic strain

(c) Distribution of the effective plastic strain after the slip under natural conditions  
(safety factor 1.03) 

(d) Distribution of the effective plastic strain after the slip under storm conditions 
(safety factor 0.98) 

Fig. 8 (continued)
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We performed the same analysis and calculations on the nine
sections in the Xinlu Village landslide (Fig. 2). After the slip, the
landslide was in a stable state under natural conditions, and the
northern front part of the landslide was unstable under storm
conditions. This is because rainfall quickly infiltrated through
the existing deformation cracks into the landslide debris, increas-
ing the self-weight of the sliding mass, further reducing the
strength of the weakened sliding zone, and deteriorating the sta-
bility of the landslide after the slip. Under the action of the
hydrostatic pressure and the sliding-surface-uplift pressure, the
landslide is likely to slip again.

Conclusions
Due to continuous rainfall in the landslide area, high fissure-water
pressure on the trailing edge and sliding-surface-uplift pressure
were formed. The shear strength of the muddy interlayer was
reduced, resulting in slippage of the rocky part of the landslide.
Under the compression of the rocky part, the soil part directly
slipped, and the debris flow was triggered at the same time. The
landslide failure mode was determined to be a slumping slide.

To ensure the accuracy of the numerical calculation, the typical
section before the slip was restored on the basis of macroscopic
qualitative evaluation, and the mechanical parameters of the slid-
ing zone were back-calculated based on the laboratory test. The
finite element method was used to analyze the section before and
after the slip under different working conditions. The displace-
ment, stress, effective plastic strain distribution, and the safety
factor obtained by numerical calculation were consistent with
qualitative evaluation, thus verifying the rationality of the land-
slide formation mechanism and failure mode analysis.

The Xinlu Village landslide, after the initial sliding, was in a peri-
staltic stage. The weak sliding zone was completely connected, and the
landslide could be in an unstable state under storm conditions.
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