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Abstract: At 2:00 a.m. on 1 July 2020, after several days of continuous heavy rainfall, the Xinfangzi
landslide occurred in Zhengping Village, Ganshui Town, Qijiang District, Chongqing City, China.
The area of the landslide was about 3.85 x 10* m? and the volume was about 71.22 x 10* m3. The
Xinfangzi landslide can be defined as a push-type landslide. Specifically, the main sliding area
pushed the front squeezing area, causing it to slide laterally. The entire slip path of the landslide
was a broken line, while the right edge and the front shear outlet position slipped loosely in a
circular arc. In this study, finite element numerical calculations were used to compare and analyze
the multisection plastic deformation of the landslide under natural and rainfall conditions based
on field investigations. The formation and failure characteristics of the Xinfangzi landslide were
further revealed. The results show that the cross and longitudinal sections of the landslide were
in a critical state of instability under natural and rainfall conditions. A compound section was
established along the slip path based on the cross and longitudinal sections. Due to the extrusion of
the trailing edge of the landslide, the compound section’s leading edge was in a state of instability
under natural conditions. Under rainfall conditions, the increase in the unit weight of the sliding
mass was superimposed on the compound section, which amplified the thrust of the trailing edge and
further accelerated the overall sliding process of the landslide. Based on the macroscopic deformation
of the landslide, it was found that the sliding of the trailing edge of the landslide is the key factor
promoting the failure of the front edge, and local slump is possible under rainfall conditions.

Keywords: rainfall induced landslide; numerical simulations; factor of safety; formation and failure
characteristics; catastrophic mechanism

1. Introduction

Mechanism analysis can reveal the development and evolution of landslides, which is
the theoretical basis for predicting landslide disasters and performing effective prevention.
However, due to the complexity of the geo-mechanical environment of landslides and the
diversity of inducing factors, it is difficult to accurately obtain the evolution process of
a landslide.

At present, a variety of methods have been developed to explore the failure mecha-
nisms of landslides. Specifically, the various influential factors can be analyzed compre-
hensively by the engineering geological analogy method. In addition, the stability and
development trend of landslides can be predicted quickly [1-4]. Considering the transla-
tional or rotational movement with an assumed or specific potential slip surface, the limit
equilibrium analysis is used to investigate the instability of landslides under the influence
of gravity [5,6]. After continuous revision and improvement, this method can determine
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the mechanical state of landslides effectively [7-9]. Based on the principle of similarity and
field survey results, physical model experiments are also used to predict or reproduce the
evolution of landslides [10-12].

The numerical simulation can obtain the stress or strain distribution and analyze the dy-
namic failure. When performing numerical calculations, the finite element method (FEM) [13-17],
discrete element method (DEM) [18,19], material point method (MPM) [20-22], and the smoothed
particle method (SPM) [23] are commonly used. Notably, it is important to determine the
geological model, mechanical model, and mechanical parameters during the numerical
simulation. In addition, these settings are the key factors to ensure the simulation re-
sults’ reliability and validity [24,25]. Since there are many factors affecting the stability
of landslide, mathematical methods are adapted to determine the stability quantitatively
or semi-quantitatively, such as dissipation theory [26,27], chaos theory [28], stochastic
theory [29], fuzzy theory [30], gray system theory [31], catastrophe theory [32], and so on.
Furthermore, combining field investigations and numerical simulations is still an effective
and fast method of analyzing the evolution process of a landslide, and it can be promoted
in the actual application process.

At around 2:00 a.m. on 1 July 2020, after several days of continuous heavy rainfall,
the Xinfangzi landslide (106°44'59.88" E, 28°43/13.50"" N; Figure 1) occurred in Zhengping
Village, Ganshui Town, Qjjiang District, Chongqing City, China. Based on on-site investiga-
tions, FEM was used to analyze the formation and failure characteristics of the Xinfangzi
landslide and the related inducing factors. The plastic deformation of multiple sections
under natural and rainfall conditions were compared to further reveal the catastrophic
mechanism of the Xinfangzi landslide.
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Figure 1. The location of the Xinfangzi landslide.

2. Study Area

The Xinfangzi landslide is located in a low mountain gorge formed by the Songkan
River. The topography of the study area is high in the southeast and low in the northwest,
exhibiting a trend of gradual collapse along the slope direction (Figure 1).

The west side of the study area is a rocky cliff. The east side of the study area is a steep
slope, and the foot of the slope is the Songkan River and the G210 National Highway. The
highest point in the study area is located at the top of the steep wall on the trailing edge,
with an elevation of 438.50 m. The lowest point is located at the shear outlet of the front
edge (330.00 m). The overall height difference of the landslide is 108.50 m.

The trailing boundary of the landslide is a tension-cracked slot; the left boundary is a
continuously falling steep ridge; and the right boundary is a newly constructed rural road.
The shear outlet of the leading edge is bounded by an extrusion slump zone on the middle
and upper part of the steep slope. The landslide is about 550 m long and 80.5-106.3 m wide,
with an area of 3.85 x 10* m?, a thickness of 4.1-33.6 m, an average thickness of 18.5 m,
and a volume of about 71.22 x 10* m3.
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The main sliding direction of the middle and rear parts of the landslide is about 342°.
Blocked by the northern mountains, the front edge of the landslide was sheared by lateral
extrusion along the direction of 13°.

3. Deformation History of the Xinfangzi Landslide

According to the on-site investigations, the deformation history of the Xinfangzi
landslide can be divided into three stages.

The first stage of deformation. A large number of cracked rocks identified as landslide
residues are distributed in the study area, with a large thickness. These collapsed Quater-
nary deposits are located on the top of the fractured rock and the cracked slot formed by
the ancient landslide. This indicates that the landslide has experienced many large-scale
sliding events since the Holocene, and the Xinfangzi landslide occurred on the basis of the
reactivation of the ancient landslide.

The second stage of deformation. During the flood season in 1988, large-scale overall slip
occurred in the study area. The left side of the landslide slide about 1.5-3.5 m downward
(the same position as the new Xinfangzi landslide; Figure 2). A sliding mass of about
5000 m® was pushed out at the shear outlet of the landslide, damaging five residential
houses on the slope and blocking the G210 national road.

Figure 2. Side edge ridges formed by multiple downward sliding events of the landslide.

The third stage of deformation. After several days of continuous heavy rainfall (Figure 3),
the trailing edge of the landslide began slow creep deformation on 28 June 2020. At about
2:00 a.m. on 1 July 2020, the landslide slipped as a whole. A sliding mass of about 2000 m3
at the front edge blocked the G210 national road. At the same time, the loosening and
deformation of the right boundary of the landslide damaged one house.
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Figure 3. Cumulative rainfall prior to the occurrence of the Xinfangzi landslide.
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4. Deformation Distribution and Composition of the Landslide

According to the existing deformation of the landslide and the development character-
istics of the surface cracks, the landslide can be divided into three areas: the main sliding
area in the rear-central slip progressive area, the right loosely deformed area, and the front
extrusion slump area (Figure 4).
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Figure 4. The section layout of the Xinfangzi landslide.

The main sliding area in the rear-central slip progressive area (Area I). The sliding direction
of the rear-central area was 342°, which drove the overall sliding of the landslide. Area
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I is longitudinal, and is about 302 m long and 104 m wide. It has an area of about
3.14 x 10* m?, a thickness of 4.1-33.6 m, an average thickness of 19.54 m, and a volume of
about 61.37 x 10* m®. The sliding mass of Area I is mainly composed of ancient landslide
debris and later accumulated rocks caused by the collapse. The length of the rear tension
crack slot in this area is about 11-16.5 m, the width is about 1.5-3.5 m, and the visible depth
is about 1.6-3.9 m. The left boundary of Area I moved downward by about 2.3 to 7.8 m as
a whole, and the length of the falling ridge is about 450 m. In addition, the soil of the shear
outlet at the right front side is loaded on the slope, causing a local slump.

The right loosely deformed area (Area II). Area Il is a long strip with a length of about
240 m and a width of about 3-12 m. It slid in the direction of 45-60° under the control of
steep local ridges (rural road slopes). A total of five small landslides were formed in this
area, with volumes of about 5 to 400 m3, covering the roadbed.

The front extrusion slump area (Area 11I). Area 111 slid in the direction of 13° under the
push of Area I. This area is fan-shaped, with a length of about 113 m, a width of about
84 m, an area of about 0.95 x 10* m?, a thickness of 7.8-25.5 m, an average thickness of
16.3 m, and a volume of about 15.47 x 10* m3. The deformation of this area was mainly
the formation of a penetrating step, with a height of about 0.5 to 2.6 m, on the left backside
under push. Plume cracks were formed by squeezing and shearing. Part of the soil in this
area collapsed from the front edge of the shear outlet to the G210 national road.

According to the drilling results (Figure 5), the thickness of the sliding mass is about
4.1-33.6 m, with an average thickness of 18.5 m. The sliding mass at the trailing edge is
mainly mudstone intercalated with sandstone residues after slippage disintegration, with
a thickness of about 2.7 to 31.8 m. The sliding mass in the middle and front part is mainly
composed of silty clay and stone soils, with a thickness of about 23.4 m.

The slip zone in the rear of the fragmented rock is a soft and muddy interlayer between
the layers. The drilling results indicate that this part of the slip zone exhibits slip and
tension in a 1.50 m area, and obvious scratches were observed. The slip zone in the middle-
front part of the soil is the breccia of the rock-soil interface, which has a dense structure
and obvious extrusion characteristics.

The slip bed is the bedrock of the interbedded mudstone and sandstone of the Middle
Jurassic Shaximiao Formation, with a burial depth of about 4.10-33.6 m. The front and
right edges are shallower, and the rear and left edges are deeper.

The groundwater in the study area distributes in loose rock pore, landslide rock
debris fissure, and bedrock fissure. The water in the boreholes was drained to observe
the dynamics of the water level. After 24 h, the groundwater level at the rear part was
0.20-11.50 m, and that in the middle-front part was 0.2-16.65 m. In addition, the water
level in the borehole increased significantly after rainfall. Notably, the groundwater levels
in the boreholes were quite different, indicating that there is no stable groundwater level
for the entire landslide. This phenomenon is related to the local stagnant water and surface
runoff caused by the rainfall (Figure 6).
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Figure 5. The components of the Xinfangzi landslide.
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Figure 6. Surface water on the landslide area (8 July 2020).

5. Factors Influencing Landslide Stability

After the occurrence of the Xinfangzi landslide, the current factors affecting its stability
involve the following five aspects.

Topography. The slopes of the study area tend to be north (342°) and east (55°).
The height difference between the northern and southern parts of the landslide is about
80.2-88.50 m, and the difference between the eastern and western parts is about 35.4-48.3 m.
The height difference between the front and rear edges of the landslide is large, and the
northeast side of the landslide is a steep slope with an average slope angle of 65° that is
undercut by the Songkan River. This topography provides space for sliding.

Stratum lithology. The middle and upper parts of the sliding mass are composed of
silty clay intercalated with crushed stones and rocky soil. The lower part of the sliding
mass is composed of landslide debris and fragmented rocks, in which cracks are developed,
leading to good water retention. The slip bed is a relatively complete mudstone and acts
as a water barrier. Rainfall infiltration causes the landslide soil to become saturated and
infiltrated for a long time, and the soil layer easily slips along the sliding surface of the
ancient landslide.

Groundwater. During the dry season, springs leak from the right boundary of the
landslide and the front edge of the shear outlet. According to the drilling results, the soil
in the middle and lower parts of the sliding mass is saturated. The groundwater level in
the sliding mass is relatively high, and runoff and drainage channels are developed. The
groundwater mainly flows northward along the sliding surface from the middle and rear
parts of the landslide, and it is discharged at the front of the landslide. A high fissure water
pressure and sliding surface uplift pressure are formed by the groundwater stored in the
unloading and expanding fissures in the middle and rear parts of the landslide. Due to the
runoff and the seepage of the groundwater, the sliding mass will become saturated and
softened for a long time, the fine-grained material will be eroded, and the shear strength of
the sliding surface will continue to decrease, forming a potential weak sliding zone. These
are the main factors leading to the instability of the Xinfangzi landslide.

Heavy rainfall. According to the field surveys, the water catchment area at the cliff
on the west side of the landslide is large, and this area contains stepped terraces with
developed lateral drainage systems. This causes a large amount of the catchment water
to flow back into the landslide along the cliff fissures. The middle and upper parts of
the landslide are mainly composed of silty clay mixed with crushed stone and rocky soil,
which is conducive to accelerating rainfall infiltration to form groundwater. In addition,
based on the deformation history of the landslide, the two large-scale slips that occurred in
1998 and 2020 were both induced by heavy rainfall during the flood season. Therefore, it is
concluded that heavy rainfall is the main factor affecting the instability of the landslide.
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Human engineering activities. Long-term farming has resulted in the better water
permeability of the soil. These human activities contribute to the infiltration of surface
water into the landslide. Due to the construction of rural roads, a slope with a height of
about 3 to 4 m has been formed on the front and left sides of the landslide, providing space
for local deformation of the landslide.

6. Plastic Deformation Analysis of Multiple Sections

Since the boreholes are laid along with the typical profiles, the 2D numerical models
have the most detailed geological data, involving the position and the mechanical param-
eters of the sliding zone. Compared to the numerical models in 3D, the 2D simulation
results can be identified as the closest analysis to the actual condition and easier to reveal
the failure mechanism of landslides with complex slip paths. Therefore, the numerical
simulations in 2D were carried out on multiple typical sections of the landslide using the
strength reduction method [33,34], and the plastic deformation trends of the landslide
under different conditions were compared. Specifically, the factor of safety (FOS) can
be obtained through the c-¢ reduction algorithm by the FEM [35-38]. In addition, the
numerical non-convergence occurs simultaneously when the system reaches instability.
The FOS and plastic strain distribution are then obtained [39,40].

The typical sections involved three types: a cross section, a longitudinal section, and a
compound section (Figures 4 and 7). The multiple sections of the landslide were simplified
into geo-mechanical models covering the sliding mass, slip zone, and slip bed. In addition,
the distribution of the groundwater inside the landslide was considered. According to
on-site investigations, after heavy rainfall, the surface soil of the landslide is almost fully
saturated, and water flows out on the slope’s surface. Therefore, the mechanical state of the
landslide was simplified under rainfall conditions, and the sliding mass and the slip zone
above the groundwater level were converted into saturation parameters. The impact of
heavy rainfall on the landslide will be further analyzed in the discussion part of this paper.
Notably, the unsaturated mechanical states were ignored. In this way, the simplification
under the rainfall conditions can be better transferred, and the failure mechanism of the
landslide with the complicated slip path can be highlighted.

The MIDAS GTS numerical calculation software was used in this study. The Mohr-
Coulomb model was selected to characterize the mechanical properties of the landslide.
The unit weights and shear strength parameters were obtained from laboratory tests, and
the elastic modulus and Poisson’s ratio were adapted from the relevant literature [41,42].
All relevant calculation parameters are shown in Table 1. The other parameters, such as the
dilatancy angle of the soil, are not considered here.

Table 1. Numerical calculation parameters.

. Unit Elastic . , . . L.
Me;gt‘“al Lithology ~ Weight Modulus POIZSE;‘ s C‘:i;‘;‘)” :;‘Clt:’(ﬂ)
(KN/m?) (kPa) 8
Sliding 20.10 46,400 0.36 18.46 13.4
Natural mass
conditions  Slip zone 20.10 3800 0.30 19.30 115
Slip bed 25.70 11,500,000 0.24 1678.20 44.29
Sliding 20.30 40,500 0.32 14.60 11.38
Rainfall mass
conditions  Slip zone 20.30 3000 0.28 15.00 9.60

Slip bed 25.80 10,500,000 0.20 1568.30 42.30
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Figure 7. The computational model for multiple sections.

By analyzing the plastic strain distribution of each section under natural conditions
(Figure 8; Table 2), it was found that the plastic strain of the cross section is the largest, and
the strain is concentrated at the front edge of the sliding zone. The plastic deformation area
of the longitudinal section is concentrated in the middle and lower parts of the section, and
the plastic deformation of the slip zone does not penetrate. The comparison indicates that
the cross and longitudinal sections of the landslide are both in a critical state of instability
under natural conditions.
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Figure 8. The plastic strain distribution in multiple sections under natural conditions.
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Table 2. Characteristic parameters of the typical landslide section.

Mechanical Characteristic Compound . Longitudinal
. Cross Section A
State Parameters Section Section
Natural Maximum 17.5858 4.2988 35.9691
. plastic strain
conditions
Factor of safety 0.7011 1.01 1.02
Rainfall Maximum 17.886 11.00 67.69
o plastic strain
conditions
Factor of safety 0.675 1.00 1.01

Based on this, the compound section of the landslide was analyzed. The plastic zone
of the compound section is still not penetrated in the slip zone. Due to the extrusion of the
trailing edge of the landslide, the leading edge is in an unstable state (the FOS is less than 1).
It should be noted that the compound section of the landslide was established along the
slip path based on the cross and longitudinal sections. Under the actual condition, the
extrusion caused by the slip of the trailing edge does not directly act on the leading edge
of the landslide. Thus, the superimposed compound section amplifies the thrust of the
trailing edge, which further reduces the stability of the leading edge.

It can be concluded that the landslide under natural conditions is basically stable as a
whole. The possibility of local collapse exists at the leading edge of the landslide, and the
sliding of the trailing edge could promote the failure of the leading edge. After the leading
edge slips, the overall instability of the landslide may be further induced.

7. Discussion

To explore the impact of short-term heavy rainfall on the Xinfangzi landslide, a further
comparative study was performed on the plastic strain distributions in multiple sections
under rainfall conditions (Figure 9; Table 2).

I 17.886
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5.104

3.071

Strain

1.976
0.896
0.206
0.001

(a) The compound section

Figure 9. Cont.
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Figure 9. The plastic strain distributions in multiple sections under rainfall conditions.

The analysis shows that the distributions of the plastic deformation of the landslide
under natural and rainfall conditions are basically similar, but to a certain extent, the
maximum plastic strain value under rainfall conditions is higher. Specifically, the maximum
plastic strain of the compound section has the smallest increase due to rainfall, while the
maximum plastic strains in the cross and longitudinal sections under rainfall conditions
are about twice those under natural conditions.

The comparison of the FOS under different conditions shows that the cross and
longitudinal sections are still basically stable under rainfall conditions. This is caused
by the location of the groundwater level in the landslide area. Under natural conditions,
the sliding zone, which controls the overall slippage of the landslide, is already below
the groundwater level. Under rainfall conditions, the overlying part of the sliding mass
becomes saturated. Due to its unit weights increase slightly, the rainfall has little effect on
advancing the shear failure of the cross and longitudinal sections.

However, under rainfall conditions, the FOS decreases more in the compound section
than in the cross and longitudinal sections. The increase in the unit weight of the sliding
mass amplifies the thrust of the trailing edge in the composite superimposed section,
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which further accelerates the overall sliding of the landslide. Therefore, heavy rainfall may
promote local sliding at the leading edge of the landslide and may cause a new landslide to
move downward as a whole, just like the previous three large-scale deformations (Figure 2).
After many rainy seasons, the local collapse of the leading edge and the progressive
penetration of the plastic deformation of the slip zone will continue to promote the overall
slippage of the landslide.

8. Conclusions

According to the on-site investigation, the sliding process of the Xinfangzi landslide is
as follows: under the action of a high fracture water pressure and sliding surface water
pressure, the fragmented rock mass in the middle and rear parts of the ancient landslide
slipped along the soft silt of the interbedded layer (the original sliding surface) on the north
side. The squeezed front soil was blocked by the stable mountain in the northern section,
and the sliding mass slipped to the northeast as a whole.

To further reveal the formation and failure mechanism of the Xinfangzi landslide, the
plastic strain was analyzed in multiple sections under different conditions through FEM.
The results show that the cross and longitudinal sections of the landslide are in a critical
state of instability under natural and rainfall conditions. Due to the extrusion of the trailing
edge of the landslide, the leading edge of the compound section is already in an unstable
state under natural conditions. Under rainfall conditions, the increase in the unit weight of
the sliding mass is superimposed on the compound section, which amplifies the thrust of
the trailing edge and further promotes the overall sliding of the landslide.

Based on on-site surveys and numerical calculations, it was found that the sliding
of the trailing edge of the Xinfangzi landslide could promote the failure of the leading
edge. After many rainy seasons, the local collapse of the leading edge and the progressive
penetration of the plastic deformation of the slip zone will increase the possibility of the
overall slippage of the landslide. The related research methods provide an important
reference for analyzing the formation and failure mechanism of landslides with complex
slip paths.
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