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a b s t r a c t
The purpose is to prevent the occurrence of precipitation characteristic landslide disasters. A pre-
cipitation characteristic landslide is selected as the research object, and the prevention and control 
of precipitation characteristic landslide disasters are studied. First, the stability of the precipitation 
characteristic landslide is analyzed, and the research methods are introduced, mainly including the 
transfer coefficient method and Finite Element Strength Reduction Method (FESRM). Second, based 
on the research methods, Midas Geotechnical and Tunnel Analysis System software is used to estab-
lish a two-dimensional model for controlling the precipitation characteristic landslide under natural 
conditions. Finally, an anti-sliding control plan is made: The slope in the front section of the land-
slide is lowered, and the anti-sliding device is installed in its rear section. The results show that the 
stability coefficient of the slope in the front obtained by the transfer coefficient method is 1.085 and 
that obtained by FESRM is 1.080. The difference ratio between the two values is 0.5%. After deceler-
ation in the front part of the precipitation characteristic landslide is done, the stability coefficient is 
1.021, which is 2.8% lower than before. When the horizontal component of residual thrust is taken 
as 1,360 kN/m after the anti-sliding is conducted, the active earth pressure is 887 kN/m, and the hor-
izontal component of residual thrust is greater than that of active earth pressure. The thrust value 
of the anti-sliding device is designed as 1,360 kN/m, and the residual thrust curve in the designed 
conditions is above the curve in the check working condition, this proves that the designed condi-
tion is safe. The internal forces of the anti-sliding device are as follows: the maximum bending 
moment is 20,123.24 kN/m, the maximum shear force is 4,881.01 kN, the maximum lateral stress is 
−718.44 kPa, and the anchorage depth is 859 kPa > 718.44 kPa. This shows that the depth calculation 
is qualified. The stability coefficient of the cross-section after the control of the anti-sliding device 
is 1.15, which is improved to a certain extent, but it is less than the theoretical value of 1.20 and 
needs to be optimized. The control plan is optimized by adding an anchor cable to the anti-sliding 
device. The control plan designed in this study has a good effect on controlling landslides.

Keywords:  Precipitation characteristic landslide control; Transfer coefficient method; Strength reduction  
method; Scheme optimization

1. Introduction

China has a vast territory, and nearly three-quarters of 
the land is mountainous [1]. Mountainous areas are prone to 
geological disasters due to their unique landforms. Common 
geological disasters include collapse, precipitation charac-
teristic landslide, and debris flow, which are mostly caused 

by precipitation [2]. A precipitation characteristic landslide 
refers to the geological phenomenon that the rock on the 
sloping land appears to stress maladjustment inside the 
slope under the action of gravity or external force, causing 
a downward slide [3]. The main causes of landslides are 
earthquakes, heavy rainfall, freeze-thaw, long-term creep, 
artificial disturbance, and so on. Among them, the landslide 
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disasters caused by artificial disturbance are increasing year 
by year. With the wider geographic area of human activi-
ties and the increase of activities, the occurrence frequency 
of landslides increases accordingly. Among the geological 
disasters  in 2020,  landslides account  for 69.28% [4]. As one 
of the most frequent geological disasters, landslides usu-
ally bring great hidden dangers to people’s life and prop-
erty [5]. How to prevent the occurrence of landslides is a 
major problem faced by human society [6], and landslide 
control research has important practical significance.

The research on precipitation characteristic landslide 
control in China experiences the stage of exploring the 
causes of precipitation characteristic landslides [7], studying 
the mechanism of landslide movement, and active preven-
tion of landslides [8]. Nowadays, the mainstream research is 
on the relationship between landslides and climate in com-
bination with modern advanced science and technology to 
achieve reasonable precautions, but the precautions and con-
trol methods  still  need  to  be  improved  [9]. At  present,  the 
theoretical research on landslide control is divided into two 
directions: qualitative research and quantitative research [10].  
The quantitative research method is mainly the limit equi-
librium method and numerical analysis method [11]. 
And the specific measures include the drainage of slope 
zones [12], the avoidance of steep slopes, and the reform 
of the slope [13]. In this study, the slope is segmented and 
then controlled to prevent the occurrence of landslides.

Based on stability analysis, the stability coefficients 
under the transfer coefficient method and the strength 
reduction method are compared, and the prevention and 
control plan of precipitation characteristic landslides is 
made. The landslide is segmented and then controlled, and 
the results of the prevention and control plan are analyzed. 
On this basis, an optimization design is proposed. The study 
has a reference for the research on landslide prevention 
and control in the future.

2. Design of the prevention and control plan of 
precipitation characteristic landslides

2.1. Overview of the study area

The landslide selected in this study has a subtropical 
monsoon climate, with four distinctive seasons, high tem-
perature, much rain in summer, and mild climate, and little 
rain in winter. The annual average temperature is 14.8°C, 
and the annual minimum temperature appears in December, 
with  an  average  of  4.9°C.  The  recorded  minimum  tem-
perature is –8.4°C, and the highest temperature appears in 
July,  with  an  average  of  34.9°C.  The  highest  temperature 
reaches 37.9°C. The most precipitation appears  in summer, 
accounting for 80%~85% of the annual precipitation, and 
the  average precipitation  is  500~9,109 mm. There  is  south-
east wind in summer and northwest wind in winter, and 
the maximum wind speed is 23.7 m/s. The groundwater 
in this landslide area is detected to be freshwater [14] and 
will not cause corrosion to concrete. And the area doesn’t 
lie on the seismic belt and the crustal activities are few, so 
seismic activities are ignored in this study.

The landslide is located near the highway, belong-
ing  to  the hilly  landform with  a  slope  gradient  of  18°–29°. 
According to the landform, it belongs to the erosion 

landform. The vegetation in the study area is mainly weeds 
and pines. The landslide is mainly subjected to north-south 
fracture tension, and the fracture direction is inconsistent 
with the direction of the slope. There is a sign of loosening 
around the slope, and the slope is unstable. The stratum dis-
tribution in the slope is relatively simple, as shown in Fig. 1.

Fig. 1 shows that the stratum of the slope includes a 
quaternary residual layer and a clay layer. The landslide is 
caused by the destruction of regional balance after crops 
are changed. The average altitude of the whole landslide 
is 142 m. The landslide is located near the line between the 
ridge and valley, and the slopes on both sides of the land-
slide are 15°–33°. The whole slope shows a sign of forward 
sliding. There is no groundwater seepage near the slope. 
Based on the above, the region has the characteristics of a 
medium-sized shallow landslide.

The rock and soil composition in this region is mainly 
limestone, saprolite, and clay. The natural weight, direct 
shear force, and residual shear strength of the physical 
properties of clay in the geotechnical literature involved in 
this  study  are  16.9  kN/m3,  34.5  kPa,  and  31.9  kPa,  respec-
tively. And the natural weight, direct shear force, and resid-
ual shear strength of limestone are 18.2 kN/m3,  32.8  kPa, 
and  28.8  kPa  respectively,  and  its  saturated  compressive 
strength  is  50 MPa.  Since  they  directly  affect  the  stability 
of the slope, the rock and soil mechanical parameters are 
estimated combined with the actual situation. The results 
show that the bulk density of the limestone is 20 kN/m3, and 
its  shear  strength  is  12.5 kPa;  the bulk density of  saprolite 
is  19  kN/m3, and its bearing capacity and shear strength 
are  240  and  12  kPa  respectively.  The  uniaxial  compres-
sive strength of the sliding bed is 32 MPa, the bulk density 
is 25 kN/m3 and the bearing capacity is 1,400 kPa.

2.2. Stability analysis and the design of the prevention and control 
plan of the precipitation characteristic landslide in the study area

2.2.1. Stability analysis

Through field investigation, the cracks in the slope are 
new and old. Due to weathering, the rock and soil inside the 
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Fig. 1. Stratum distribution in the scope in the study area.
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slope are relatively broken, the slope structure is not com-
pact, and its mechanical properties are poor. If it rains, the 
slope will be continuously infiltrated by rain, leading to rock 
and soil sliding down and eventually causing landslides.

The transfer coefficient method is used to calculate the 
stability of the slope. The slope is assumed to be a piecewise 
ideal slip surface, and the overall sliding surface is composed 
of line segments. The reaction between segments is paral-
lel to the overall sliding surface. The expression is shown 
in Eq. (1).

F F T R Pi i i i i= × − + − −st 1 1ψ  (1)

where Fi is the sliding force of the slope in section i, Fst is 
the anti-sliding safety factor, Ti is the sliding force, Ri is the 
resistance force to the sliding, and Ψi–1 is the transfer coeffi-
cient. The specific expressions are shown in Eqs. (2)–(4).
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Wi in Eqs. (2)–(4) is the weight of section i, and in 
Wi = γ × s, γ is the natural weight of the slope. S is the slid-
ing area of section i. ru is the void ratio, and its equation is 
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. In the equation, V1 is the volume of the 

sliding body in water, V2 is the total volume of the sliding 
body, B1 and B2 are the bulk density of water and sliding 
body, and S1 and S2 are the area in water and total area of 
the sliding body, respectively. RDi is the seepage pressure 
on the vertical sliding surface, and its equation is RDi = γwhiw 
Litanβisin(αi – βi). TDi is the seepage pressure on the paral-
lel sliding surface, and its equation is TDi = γwhiwLitanβis-
in(αi – βi). Ci is the cohesion of the slope of section i. φi is 
the internal friction angle of the slope of section i. Li is the 
length of the sliding surface of section i. αi and βi are the 
dip angle of the sliding surface in the ith section and the 
angle between groundwater flow direction and horizon-
tal direction, respectively. γw is the weight of water.

The above equations are complicated. In this study, 
they are simplified by the transfer coefficient method [15], 
which reduces the calculation amount and meets the require-
ments for accuracy. The simplified equations are shown in 
Eqs. (5)–(8).
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T Wi i i� sin�  (8)

In Eqs. (5)–(8), Ψi is the transfer coefficient of the calculation 
section i+1 in the parallel direction of the residual sliding 
force of section i, and θi is the dip angle of the sliding slope 
in section i.

In this study, the stability of the slope under natural 
(without rain) conditions is studied. The specific engi-
neering parameters in the study area are applied to the 
above transfer coefficient equation, and they are shown in 
Eqs. (9)–(11).
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where Tki is the resistance force of sliding, THi is the slid-
ing force, k is the anti-sliding stability coefficient of section 
i, wi is the gravity of section i, θi is the angle between the 
sliding surface of section i and the horizontal plane, φi is 
the internal friction angle of the slider of section i, ci is the 
cohesion at the sliding surface of the slope of section i, and 
fi is the slope length of section i. Di is the sliding force pro-
duced by the slope of section i under water pressure, and 
its equation is Di = γwxwii. si is the buoyancy of section i in 
groundwater. Ei–1 is the residual sliding force of the slid-
ing block on segment i. The place at 65 m in the middle 
of the slope is dug up, and the data is input to calculate 
the stability of the profile [16].

Finite Element Strength Reduction Method (FESRM) is 
used to check the stability of the landslide. The principle of 
FESRM is shown in Fig. 2.

Fig. 2 shows that FESRM is used to calculate the stress 
cycle of the slope by using the finite element. After the 
optimization is conducted, the stress conditions of the sec-
tion with a sign of sliding are obtained. Finally, the section 
of the slope that is most likely to slide is obtained based on 
the comparison [17].

The calculation based on FESRM can be found in 
Eqs. (12)–(15).

� �c c
Fs

 (12)

′ =






φ

φarctan tan
Fs

 (13)

τ σ φf c= + tan  (14)

τ σ φ= ′ + ′c tan  (15)

where c is a cohesive force, φ is the internal friction angle, 
Fs is the reduction coefficient, c′ is the reduced coefficient, 
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and φ′ is the reduced internal friction angle. According to 
the two definitions in the literature, the safety factor can 
be expressed as:

F c
s

f= =
+τ

τ
σ φ
τ
tan  (16)

F c
cs =
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=
′

tan
tan

φ
φ

 (17)

Combined with the Eqs. (12)–(16) can be further expressed 
as:

F c
cs =

+
′ + ′ ′

σ φ
σ φ
tan
tan

 (18)

In this study, Midas GTS software is used for mod-
eling on the basis of the strength reduction method. A 
two-dimensional model is used to simplify the calcula-
tion. Based on the previous literature, the parameters of 
the model are as follows: the grid width at the sliding slope 
is 2.2 m, the width of the lower boundary of the slope is 
3.5 m, the partial grid value on the sliding surface is 
between 3 and 5 m, and the grid width around the sliding 
slope is 2.2 m. The left and right boundary of the slope is 
fixed horizontally, and the bottom of the slope is fixed in 
X-direction and Y-direction.

Because they influence the accuracy of FESRM, the geo-
technical mechanical parameters are accurately selected 
combined with the actual situation of the study area based 
on the above data. The results are: the bulk density of the 
clay is 17 kN/m3, the elastic modulus is 49 MPa, the Poisson’s 
ratio  is  0.25,  the  cohesion  is  40  kPa,  and  the  internal  fric-
tion angle is 15°. The bulk density of limestone is 21, the 
elastic modulus  is 2,000 MPa, Poisson’s  ratio  is 0.38,  cohe-
sion  is  50  kPa  and  internal  friction  angle  is  25°.  In  this 
study, the elastoplastic model and Mohr-Coulomb criterion 
are selected based on the general situation of the research 
area [18].

2.2.2. Plan selection and design

The current landslide control plans mainly change 
the geotechnical structure of the landslide zone and the 
discharge form of groundwater, and increase the artifi-
cial support and the vegetation coverage of the landslide 
zone. If it encounters rainfall, the landslide will be aggra-
vated. In this study, the plan is made for the landslide with 
increased rainfall, and the safety factor of the landslide is 
1.1. Due to the loose rock and soil at the leading edge of the 
landslide and the sliding, the rear of the slope will have a 
landslide if it has no sufficient support force. Therefore, the 
slope is segmented and then controlled.

Due to the loose rock and soil in the front part of the 
slope, cracks appear. Once it rains heavily, it is very likely to 
cause rock and soil collapse. Therefore, on the basis of pre-
vious studies, the loose rock and soil are used in the front 
to lower the slope and reduce the downward speed. The 
lowered position is K0 + 050 ~ K0 + 150 outside the tunnel 
entrance of the study area, and the lowering rate is 1:1.6. 
The lowered section is shown in Fig. 3.

Fig. 3 shows that 5 m is reserved for construction in the 
front of the slope.

Based on previous studies, the anti-skid control of the 
rear section of the slope is carried out by using anti-skid 
devices. The anti-skid device is inserted into the stable rock 
and soil under the landslide surface to anchor with the sta-
ble rock and soil to prevent landslides. After the anti-slid-
ing device is inserted into the slope, the section will be 
subjected to many forces, including the landslide thrust 
behind the device, the resistance of stabilizing rock and soil, 
and the resistance of the front of the device. The anti-slid-
ing device is arranged in the front section of the landslide, 
and the device axis is located at 9 m inside the borehole.

The number of anti-slide devices is 8 according to the 
force of the slope, and the anti-slide device needs a pile with 
a large load and long size according to the size of the slope. 
The specific parameters of the anti-sliding device are as 
follows:  the  foundation  coefficient  is  2.5  ×  105  kPa/m;  the 
length of the pile in the anchorage section and the loading 
section is 9 m; the section height is 3 m; the width is 2.5 m; 
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the pile spacing is 3.5 m; the concrete grade of the device 
is C30;  the elastic modulus of concrete  is 3 × 104 MPa, and 
the bottom of the device is supported by the hinged end. In 
this study, the anti-sliding device is designed according to 
the elastic pile, and the thrust shape of the loading section 
of the slope is a triangle, which is analyzed based on the 
results of the field investigation.

The calculation method of the total internal force of the 
anti-sliding device is shown in Eq. (19):

�x p xK B y� � �   (19)

In  Eq.  (19),  σx is the ground reaction, K is the foundation 
reaction coefficient (elastic resistance coefficient), Bp is the 
calculated size of the device, and yx is its displacement.

The specific calculation equation of the internal force in 
the study area can be obtained from the analysis of specific 
parameters in this study, as shown in Eq. (20).
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In Eqs. (20) and (21), E is the elastic modulus of the 
device, I is the inertia moment of the device section, and φ is 
the influence function.

The checking equation of anchorage depth of the 
anti-sliding device is shown in Eq. (22).

� ��H H CK�� �� �  (22)

In Eq. (22), KH is the occurrence coefficient of rock and 
soil, and η is the reduction coefficient of weathering. Their 
values in this study are 0.5 and 0.2, respectively.

3. Analysis of the results of the prevention and control 
plan in the study area

3.1. Analysis of the calculation results of stability

In the study of landslide prevention and control in 
the natural environment, the stability coefficients calcu-
lated by the transfer coefficient method and the strength 
reduction method are as follows. The stability coefficient 
obtained by the transfer coefficient method is 1.085, and 
it is calculated by FESRM is 1.080. The difference rate is 
0.5%, which shows that the feasibility of the model is high. 
The results meet the requirements of the model estab-
lished in this study.

3.2. Analysis of optimization results of the control 
plan of landslides

After the front half of the slope is lowered, the checking 
calculation is carried out. The checking results are as fol-
lows: the stability coefficient FS = 1.021, the stability increased 

by 2.8% than FS = 1.003, and this proves that the lowering 
plan for the first part of the landslide is feasible.

Based on the above calculation model and specific 
parameters, the residual thrust is a horizontal component, 
as shown in Fig. 4.

Fig. 4 shows that when the horizontal component of 
the residual thrust is 1,360 kN/m, the active earth pres-
sure is 887 kN/m. Because the horizontal component of the 
residual thrust is greater than the active earth pressure, the 
thrust of the anti-sliding device is taken the residual thrust 
of 1,360 kN/m. The residual thrust curve of design con-
ditions is located above that of the check working condi-
tion, so the design is safe and reasonable.

The calculation results of the internal force of the anti-
skid device are shown in Fig. 5.

Fig. 5 shows that the internal forces of the anti-sliding 
device are the maximum bending moment of 20,123.24 kN m 
and the maximum shear force of 4,881.01 kN, and the 
maximum lateral stress is −718.44 kPa.

The calculation result of anchorage depth is that the lat-
eral stress [σc] = 859 kPa > 718.44 kPa calculated by Eq. (22), 
so the depth calculation is qualified.

For the rear half of the slope, Midas GTS software is 
used for checking, and the results are shown in Fig. 6.

Fig. 6 shows that rock and soil in the section have a sign 
of sliding, and the cracks in the slope are deep. The max-
imum plastic stress appears at the top of the anti-sliding 
device, and it has a sign of increasing. The stability coef-
ficient of the cross-section is 1.15 after the sliding is con-
trolled by the anti-sliding device, which is improved to a 
certain extent, but less than the theoretical value of 1.20. 
Therefore, it does not meet the requirements and needs to 
be optimized.

In Fig. 6, the load in the middle and upper parts of the 
landslide is becoming more and more serious. Therefore, it 
is necessary to take measures to reduce the load here. The 
optional methods include adding constraints on the upper 
part of the anti-sliding device and increasing constraints on 
the middle part of the slope. The method of adding anchor 
cables on the anti-sliding device is selected to prevent 

0 20 40 60 80 100 120
0

500

1,000

1,500

2,000

 Design conditions

 Check working condition

ts
ur

ht la
u

dise
R

Distance from trailing edge of landslide

Fig. 4. Residual thrust curve of the section in the middle.



219L. Wang et al. / Desalination and Water Treatment 214 (2021) 203–220

sliding. The position of the anchor cable is started from 
the first anti-slide pile of the anti-slide device. The num-
ber of an anchor cable is 4, the spacing is 3 m × 3 m, the 
anchorage  length  is  9m,  the  bulk  density  is  80  kN/m3, the 
elastic modulus  is  2  ×  106 MPa,  the  Poisson’s  ratio  is  0.25, 
and the finite element strength reduction Eq. (18) is used 
for  the  calculation.  The  stability  coefficient  is  1.23  >  1.20, 
which meets the requirements. Compared with that 
before the optimization, the stability coefficient increases, 
which shows that the optimization is feasible and effective.

4. Conclusion

A feasible plan for landslide control is designed in a 
certain area. The general situation of the study area is ana-
lyzed and the relevant parameters of the landslide in the 
study area are obtained. Qualitative analysis and quanti-
tative analysis are carried out on the stability of the land-
slide under natural precipitation-free conditions, by the 
transfer coefficient method and FESRM. On this basis, 

Midas GTS software is used for modeling, and a two- 
dimensional model conforming to the landslide in the 
study area is obtained. To control the landslide in this area, 
the method of lowering the slope body in the front section 
of the landslide is used to prevent the sliding, and the anti-
skid device is installed at the rear part of the landslide. The 
results show that the lowered slope body in the front sec-
tion of the landslide can play a role in anti-skid, and the 
effect of the anti-skid device at the rear part is not obvious. 
Therefore, the plan is optimized, that is, the anchor cable 
is added to the anti-sliding device, and the obvious anti- 
sliding results are obtained. All the results obtained in this 
study are qualified. However, the conditions in the study 
area are not considered comprehensively, and the impact 
of rainstorms and earthquakes is not analyzed. In the fol-
low-up study, all conditions should be considered as far as 
possible, so that the research results are universal.
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