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Abstract
The exit slope of the Chenjiapo tunnel is located in Xuanen County, Hubei Province, 
China, and rainfall is one of the main factors inducing landslides. During the tunnel exca-
vation, the left side of the front edge of the slope slid downward and caused a 6.27 ×  104 
 m3-large landslide. Moreover, a 8.69 ×  105  m3-large unstable slope was formed under the 
combined action of rainfall and the excavation. Because the front edge of the slope has 
been sliding, further tunnel excavation and extreme rainfall may induce massive landslides. 
This not only threatens the safe construction of the tunnel but also directly risks the opera-
tion safety of the expressway at a subsequent stage. To reveal the failure process of the 
Chenjiapo tunnel exit slope under extreme rainfall conditions, the slope stability is studied 
under five rainfall types and three rainfall intensities by conducting numerical simulations 
using the GeoStudio software. The results show that under the condition of front-peak rain-
fall, the safety factor of the slope first decreases and subsequently increases with increasing 
rainfall time. The slope is damaged at the 18th hour of the rainfall, and the plastic zone 
completely penetrates the upper soil layer at the end of the first day of the rainfall. In addi-
tion, the maximum horizontal displacement of the slope, which is up to 0.233 m, is the 
maximum among those under the five rainfall types. Under the conditions of equal-inten-
sity, stepped, medium-peak, and back-peak rainfall, the safety factor of the slope decreases 
with increasing rainfall time. The slope begins to be destroyed between the second and the 
third days of the rainfall, and the plastic zone begins to be fully penetrated. Therefore, for 
the same rainfall time and total rainfall amount, the front-peak rainfall is the most harmful 
to the slope stability. Under 50, 70, and 90 mm/day rainfall intensities, the safety factor of 
the slope decreases with increasing rainfall time. Compared with the other two rain intensi-
ties, the slope is damaged first at the 27th hour under the 90 mm/day-rain intensity. At the 
end of the rainfall, the safety factor of the slope is the smallest under the rainfall intensity 
of 90  mm/day, which is 0.887. This indicates that a high rainfall intensity is associated 
with easy damage to the slope. After the rainfall, the safety factor of the slope immedi-
ately recovers, the horizontal displacement gradually rebounds, the distribution range of 
the plastic zone begins to decrease, and the slope returns to a stable state after 12 days of 
the rainfall ending. The exit slope of the Chenjiapo tunnel may fail under extreme rainfall 
conditions; therefore, it is urgent to adopt reinforcement measures, such as an anti-slide 
pile as the main support and drainage and sealing slope cracks as the auxiliary ones.
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1 Introduction

Many factors affect slope stability, such as rainfall, earthquakes, reservoir impoundment, 
and weathering. Among them, rainfall is the most important factor inducing landslides (Yu 
et al. 2008; Shi et al. 2016; Huang et al. 2017). Based on statistics, landslides caused by 
rainfall account for approximately 70% of the total number of landslides, and 95% of these 
occur in the rainy season. These landslides cause serious casualties and large economic 
losses. Because of their high frequency, wide distribution, and complex damage, rainfall 
landslides are one of the main types of landslide disasters, which have the characteristics 
of large scale, rapid development, and massive destruction (Ye and Shi 2018). Therefore, 
examining the relationship between rainfall and landslides is the key to studying and pre-
venting landslide geological disasters.

The influence of rainfall on slope stability has been studied by numerous scholars. By 
scripting and verifying the calculation program of slope stability under transient water 
pressure, it was found that rainfall infiltration forms a transient saturation zone on the sur-
face of a slope (Jiang et  al. 2015a, b). A thick transient saturation zone implies a small 
slope safety factor. After the transient saturation zone reaches a certain depth, the safety 
factor decreases to a minimum value and remains unchanged. By a comprehensive study 
of the causes of the Kasavu landslide instability and the mechanism of slope failure, it 
was found that 361 mm of rainfall in the early three days and 176 mm of average daily 
rainfall were its main trigger factors (Ram et al. 2019). Analysis of a bedding landslide at 
the construction site of the Sanli Expressway in Guizhou Province showed that it is mainly 
triggered by continuous rainfall, and the main objective factors affecting its occurrence are 
steep slopes (the maximum inclination angle is 46°), rock strata, bedding characteristics of 
the weak interlayers, and generation of free surfaces by slope excavation (Zhao et al. 2019). 
The causes of more than 600 shallow landslides in Mocoa were studied by analyzing the 
local topography, landslide data, rainfall data, and satellite images. It was found that early 
rainfall and heavy rainfall were the main trigger factors of these shallow landslides (Gar-
cia-Delgado et  al. 2019). By studying the Carpathian flysch landslide in Poland, it was 
found that the rise in the slope groundwater level was caused by rainstorms and rainwater 
infiltration, and the change in the pore water pressure was the key factor that accelerated 
the landslide (Bednarczyk 2018). In view of the influence of rainfall on slope failure, a 
two-phase material point method formula was proposed (Wang et  al. 2018). The results 
showed that initially a slope is stable. Subsequently, rainfall affects the shear strength of the 
soil, and it decreases with the decreasing slope from the surface. Finally, the slope surface 
begins to damage and subsequently is completely destroyed.

A numerical analysis method can overcome the limitations of the traditional analysis 
method and analyze the nonlinear stress and strain of a slope of any shape. In a study, 
the typical landslide project of the Yuanmo Highway was selected, and the  FLAC3D 
finite difference method simulation software was used to analyze the stability of the 
actual slope engineering under the condition of heavy rainfall. It was found that under 
heavy rainfall, a large amount of rainwater infiltration increases the saturated area of the 
slope, and the stability of the slope decreases significantly (Rong et al. 2008). Using the 
GeoStudio finite element simulation software to simulate a homogeneous soil slope, it 
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was found that the change in the water level and the seepage field in the slope caused 
by rainfall destroy the stability of the slope (Jiang et  al. 2015a, b). The FLAC two-
phase flow module was used to simulate the infiltration process of water and explore the 
influence of rainfall duration on the distribution of the most dangerous slip surface of a 
slope. It was found that a long rainfall duration is associated with a low probability of 
the most dangerous slip surface to be located in the bedrock of the slope bottom (Dou 
and Wang 2017). The limit equilibrium method was utilized, and finite element numeri-
cal simulations were conducted to analyze the slope stability of Wanjia Middle School 
in the Wenchuan earthquake area, respectively. The finite element method results were 
consistent with those of the limit equilibrium method, and they suggested that shallow 
landslides are probable to occur under the conditions of rainstorms or earthquakes (Hou 
et  al. 2016). Finite element analysis of unsaturated soil mechanics was performed to 
comprehensively study the failure of a geosynthetic-reinforced soil slope under rainfall. 
It was found that the development of positive pore water pressure in the reinforced belt 
and the action of the retained weathered sandstone layer were the main factors induc-
ing slope failure (Yang et  al. 2019). A finite element coupling analysis of the failure 
and deformation mechanisms of two unstable unsaturated slopes was conducted (Yang 
et al. 2017). The numerical results showed that rainfall reduces the matrix suction of the 
slopes and the shear strength of the soil, which leads to the failure of the slopes.

Regarding multi-field coupling, a fluid–solid coupling finite element model of an 
unsaturated soil was established and the seepage field and stress field of a slope were 
comprehensively analyzed under rainfall conditions. It was found that a high rainfall 
intensity implies a large slope deformation, and a shallow slope is more prone to plastic 
failure (Xu et al. 2005). In another study, based on a multi-field coupling analysis of the 
seepage, stress, and displacement fields in a rainfall landslide, it was revealed that the 
slope stress and displacement fields change with the change in the slope seepage field 
during rainfall (Gao et al. 2014). Regarding early rainfall, it was found that the degree 
by which the slope stability is affected by the early rainfall is related to the permeability 
coefficient of the slope soil. Generally, a small permeability coefficient implies a strong 
influence of the early rainfall on the slope stability (Tang et al. 2013). By conducting 
numerical simulations of shallow-flow landslides, it was found that combined early and 
single rainfall event is the main factor causing slope failure (Santo et al. 2018). By stud-
ying the influence of different rainfall intensities on slope stability, it was found that a 
low-intensity early rainfall implies a large initial safety factor of the slope (Zeng et al. 
2018). Regarding the delayed influence of rainfall, by analyzing the change process of 
slope stability after rainfall, it was found that the most unstable time of a slope occurs 
after the slope rainfall, and not during it (Kong et al. 2013). The failure process of an 
expansive soil slope induced by rainfall was studied. It was determined that rainfall can 
induce a gradual failure of the slope from the foot to the top of the slope, and the slope 
is not destroyed until the rainfall stops for a period. Specifically, slope failure has clear 
characteristics of rainfall lag (Zhang et al. 2019). Regarding the slope of an expansive 
soil, by studying the Houba landslide in the three Gorges Reservoir area, it was found 
that slope deformation mainly occurred in the surface layer of the expansive soil layer. 
Moreover, rainstorms and continuous rainfall are the main causes of the slope instabil-
ity (Hou et al. 2013). To explore the reasons for the shallow failure of the expansive soil 
slope, numerical simulations of such slope were conducted under different rain intensi-
ties, rain times, and slope ratios. It was found that the slope safety factor decreases with 
the increase in the rain intensity and the rain time. Even under the condition of a very 
small slope ratio, the expansive soil slope remains unstable (Zhan et al. 2018).
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Although a numerous scholars have analyzed the change process of slope stability under 
rainfall conditions and achieved useful achievements, few researchers have studied gravel 
slope. Generally, the upper soil permeability of such a slope is low, the infiltration rate of 
rainwater is slow under rainfall conditions, and the surface soil of the slope is first trans-
formed into a saturation state. Subsequently, with the infiltration of rainwater, the satura-
tion line rises and the internal soil gradually saturates. Because of its high gravel content, 
large pores, and relatively high permeability, the rainwater rapidly infiltrates under rainfall 
conditions, which can cause the soil internal saturation line to rise. Therefore, initially, the 
internal soil in a gravel slope is saturated, and subsequently as the saturation line further 
rises, the surface soil gradually saturates. The exit slope of the Chenjiapo tunnel is a typical 
gravel slope, and the slope of its sliding body mainly comprises collapsed and deposited 
gravel soil with a high gravel content, local block stone, and siltstone bedrock. At present, 
local landslides occur on the left side of the front edge of the slope. Under the condition 
of heavy rainfall or continuous rainfall, the entire slope may be unstable, which seriously 
threatens the safe construction of the tunnel and the performance safety of the expressway 
at a later stage.

Therefore, in this study, regarding the exit slope of the Chenjiapo tunnel, the GeoStu-
dio finite element software is used for conducting the numerical simulation. By simulating 
the dynamic change process of the slope stability from natural to rainfall conditions, the 
mechanism of the slope instability caused by rainfall is explored. Moreover, the effects 
of different rainfall types and rain intensities on the dynamic change process of the slope 
stability are studied. Therefore, the research results can provide the basis for the protection 
and treatment of such slopes.

2  Engineering scenario of Chenjiapo tunnel exit slope

The exit slope of the Chenjiapo tunnel is located in Qinjiaping Village, Xiaoguan Town-
ship, Xuanen County, Enshi City, Hubei Province. During the excavation of the tunnel, 
the left side of the front edge slope slipped downward, and a sliding landslide body and 
an unstable slope body were formed under the action of rainfall and the excavation. The 
landslide body has an irregular fan shape on the plane, the main slip direction is 135°, the 
width is approximately 120 m, the longitudinal length is approximately 70 m, and the vol-
ume of the landslide body is approximately 6.27 ×  104  m3. The thickness of the upper loose 
overburden of the sliding landslide body is 8–30 m, and the left and right overburdens are 
relatively thinner and thicker, respectively. The back and front edge elevations of the slope 
are 756.0 and 722.0  m, respectively, and the relative height difference is approximately 
34 m. The back and front edge elevations of the potential landslide area of the unstable 
slope are approximately 822.5 and 722.0 m, respectively, and the relative height difference 
is approximately 100 m. The average thickness of the sliding landslide body is approxi-
mately 20.8 m, its width is approximately 200 m, the longitudinal length is approximately 
300 m, and the volume is approximately 8.69 ×  105  m3. The engineering geological map 
and longitudinal section of the slope are shown in Figs. 1, 2, respectively.

Qinjiaping Village is located in the middle latitudes, and it belongs to the subtropical 
monsoon climate region. It has the characteristics of high average temperature, humid air, 
abundant rainfall, distinct seasons, cold winter, and hot summer. It has an internal monsoon 
climate, the rainfall has regional zonation in the horizontal and vertical directions, and the 
rainfall is substantial during the rainstorm season. The heterogeneity of the rainfall amount 
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Fig. 1  Engineering geological map of slope
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and the rainfall days in the time–spatial distribution as well as the characteristics of frequent 
rainstorms, continuous rainfall, high-intensity rainfall, and sudden rainfall in spring and sum-
mer are two of the main factors inducing landslides. The sliding landslide body threatens the 
safe construction of the tunnel, and the tunnel is in a state of shutdown. The unstable slope not 
only risks the safe construction of the tunnel but also directly threatens the operation safety of 
the expressway at a subsequent stage, which may cause a certain loss of life and property.

3  Computational model

GeoStudio is a set of professional, efficient, and powerful simulation analysis software for geo-
technical engineering and geotechnical environment simulation calculation, which includes 
SEEP/W, SIGMA/W, and SLOPE/W modules. The SEEP/W module is a very important 
module in the GeoStudio software, which is a professional analysis software for unsaturated 
soil seepage. The SLOPE/W module is one of the most advanced geotechnical slope stabil-
ity analysis software worldwide, and the finite element method can be used to calculate and 
analyze most slope stability problems effectively. The SIGMA/W module is a professional 
software for the stress and deformation analysis of geotechnical structures; it can solve linear 
elastic deformation problems and highly complex nonlinear elastoplastic problems.

3.1  Calculation principle and method

1. Darcy’s law and finite element seepage equation.

Darcy’s law of saturated and unsaturated soil seepage is expressed as follows:

where q is the flow per unit volume, k is the permeability coefficient, and i is the total 
water head gradient. Darcy’s law was originally derived based on saturated soil seepage; 

q = ki

Fig. 2  Longitudinal section (2–2′) of slope
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however, subsequent research showed that it can also be applied to unsaturated soil seep-
age. The only differences between saturated and unsaturated soil seepage are that the per-
meability coefficient is not constant under unsaturated conditions and that the permeability 
coefficient changes directly and indirectly with changing water content and water pressure, 
respectively. By adopting Darcy’s law of unsaturated soil seepage in the SEEP/W module, 
the finite element equation of seepage analysis is obtained, which simulates and calculates 
the seepage problems of unsaturated soil.

2. Morgenstern–Price method for slope stability analysis.

Among the many methods of slope rigid body limitation equilibrium analysis, the Mor-
genstern–Price method is the only stringent method that does not assume the shape 
of the slip surface, static equilibrium requirement, and selection method without the 
assumption of numerous unknown values. Simultaneously, this method can be regressed 
to a simplified calculation method of most stability analyses. Moreover, the safety fac-
tors calculated using simple methods, such as a simplified Bishop method that ignores 
the inter-slice shear strength, are sometimes large. The safety factors calculated using 
stringent methods, such as the Morgenstern–Price method (which considers the inter-
slice shear strength and the normal stress), are smaller than those obtained by the above 
methods, and the calculation result is more accurate. Therefore, the Morgenstern–Price 
method is used to calculate the slope stability in the SLOPE/W module.

3.2  Model building and parameter selection

To ensure the simulation results are maximally in accordance with the reality, the lon-
gitudinal section of the slope, which is shown in Fig. 2, is introduced in the SEEP/W 
module, and the slope calculation model, as displayed in Fig.  3, is established. The 
slope calculation model has 2218 nodes and 2097 units. First, the seepage field of the 
slope under rainfall condition is calculated in the SEEP/W module, and subsequently, 
the calculation results are introduced into the SLOP/W and SIGMA/W modules, respec-
tively. The safety factor, displacement field, and plastic zone of the slope are recalcu-
lated under the rainfall conditions.

Based on the results of the drilling exploration and laboratory tests, the overburden 
on the exit slope of the Chenjiapo tunnel is mainly the silty clay of the landslide accu-
mulation layer and the gravel soil of the residual slope layer of the Quaternary System 
Holocene Series. Moreover, the underlying strata are mainly the Silurian System Middle 
Series Shamao Formation siltstone. Based on the indoor tests for the soil and rock sam-
ples from a drilling hole (such as moisture content, permeation, and triaxial compres-
sion tests), the physical and mechanical parameters of each strata of the 2–2′ section 
slope are obtained.

From the site survey results, the slope surface is defined as the rainfall boundary condi-
tion in the SEEP/W module, the left and right sides of the slope are free permeable bound-
aries, and the bottom of the slope is an impervious boundary. The slope groundwater level 
is located at the interface of the rock and the soil. The interface between the rock and the 
soil is defined as the slip surface in the SLOPE/W module. Horizontal and vertical con-
straints are applied at the bottom of the slope, and only horizontal constraints are applied 
on both sides of the slope in the SIGMA/W module.
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4  Calculation conditions

Based on the rainfall data provided by the Hydrology and Water Resources Survey 
Bureau of Enshi Autonomous City of Hubei Province, the monthly average rainfall 
statistical graphs of the Xuanen County in 2015–2018 are drawn. Figure 4 shows that 
the total rainfall in the Xuanen County in 2015–2018 is mostly concentrated from May 
to September, the total monthly rainfall is 200–250 mm, and the maximum rainfall is 
388  mm in June 2016. Typical rainfall in the other months is less and approximately 
100  mm. The Xuanen County has a subtropical monsoon humid climate, having the 
characteristics of less cold winter, no summer heat, wet throughout the year, and abun-
dant rainfall. From the statistics of the daily rainfall in the Xuanen County from June 
2015 to December 2018, it can also be seen that it is raining most days of every month 
in the Xuanen County. Specifically, there is mainly light rain, which remains up to 
28  days of the month. Heavy or torrential rain in the Xuanen County mainly occurs 
from April to July, and there are 1–3 days of rainstorms in June and July of every sum-
mer, as given in Table 1.

It can be seen from the survey results that the characteristics of frequent rainstorms, 
continuous rainfall, high-intensity rainfall, and sudden rainfall in spring and summer 
are the main factors inducing landslides. The average rainfall intensity of rainstorms 
(50  mm/day ≤ rainfall intensity < 100  mm/day) in the Xuanen County from June 2015 
to April 2019 is approximately 70 mm/day, and the maximum daily rainfall can reach 
90 mm/day. Therefore, to study the influence of rainfall on the stability of the exit slope 
of the Chenjiapo tunnel, combined with the actual rainfall scenario, two rainfall condi-
tions are established: rainstorms with different rainfall types and rainstorms with dif-
ferent rainfall intensities. The parameters of the two rainstorm conditions are listed in 
Table 2. Under these two rainfall conditions, the effects of different rainfall types and 
rainfall intensities on the slope stability are studied. As shown in Fig. 5, the rainfall time 
for each rainfall type is 3 days and the total rainfall amount is 210 mm.

Fig. 3  Calculation model of 2–2′ profile
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5  Calculated results and analysis

5.1  Influence of different rainfall types on slope stability

1. Stability analysis of slopes under different rainfall types.

To study the influence of different rainfall types on the slope stability, five rainfall types are 
established: equal-intensity, stepped, front-peak, medium-peak, and back-peak rainfalls. It 
can be seen from Fig. 6 that at the same total rainfall, the different rainfall types have a sig-
nificant influence on the time point of the slope failure. Specifically, under the conditions 
of equal-intensity and back-peak rainfalls, the safety factors of the slope decrease with the 
increase in time. Under the equal-intensity rainfall, the safety factor of the slope is rela-
tively stable and reduces from 1.187 to 0.999 at the 36th hour of rainfall, following which 
the slope begins to lose its stability. Subsequently, the slope safety factor continuously 
decreases with continuous rainfall and reaches a minimum value of 0.952 at the end of the 
rainfall, when the slope is further destroyed. Under the condition of back-peak rainfall, the 
safety factor of the slope reduces from 1.187 to 1.066 on the first day of the rainfall, and 
although the slope is still in a stable state, the safety margin is not high. Subsequently, the 
slope safety factor tends to be stable and decreases to a minimum value of 0.955 when the 
rainfall is concentrated on the third day, following which the slope becomes unstable and is 
destroyed.

In comparison, under the conditions of stepped, medium-peak, and front-peak rainfalls, 
the safety factors of the slope first decrease and subsequently increase with the increase in 
time. However, because of the different rainfall concentration times, the minimum values 

(a) Average monthly rainfall in 2015 (b) Average monthly rainfall in 2016 

(c) Average monthly rainfall in 2017 (d) Average monthly rainfall in 2018 
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Fig. 4  Average monthly rainfalls in Xuanen County from 2015 to 2018
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of the three slope safety factors are different. The rainfall distribution characteristics of the 
stepped rainfall are the same as those of the medium-peak rainfall; therefore, the change 
tendencies of their slope safety factors are practically same; their safety factors are less 
than 1 at the 42th hour; and the slope is destroyed. Among them, under the condition of 

-(a) Equal intensity rainfall (b) Stepped rainfall (c) Front-peak rainfall

-(d)Medium peak rainfall (e) Back-peak rainfall.
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Fig. 5  Different rainfall types (total rainfall in 3 days is 210 mm)
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stepped rainfall, the safety factor of the slope reaches a minimum value of 0.921 at the 60th 
hour. Under the condition of medium-peak rainfall, the safety factor of the slope reaches a 
minimum value of 0.920 at the 57th hour. The front-peak rainfall is mainly concentrated on 
the first day of rainfall, and the safety factor of the slope decreases significantly on the first 
day and decreases to 0.973 at the 18th hour, after which the slope is destroyed. Moreover, 
among the five rainfall types, the front-peak rainfall slope has the smallest safety factor of 
0.890, which occurs at the 27th hour.

2. Analysis of slope displacement field under different rainfall types.

It can be seen from Fig. 7 that the maximum horizontal displacements and safety factors 
of the slope under the five rainfall types show an opposite trend with the increase in time. 
Specifically, under the conditions of equal-intensity and back-peak rainfalls, the maximum 
horizontal displacements of the slope increase with the increase in the rainfall time. Under 
the conditions of stepped, medium-peak, and front-peak rainfalls, the maximum horizon-
tal displacements of the slope first increase and then decrease with an increase in rainfall 
time. Because of the different rainfall concentration periods of the five rainfall types, the 
maximum horizontal displacements occur at different times. Because the equal-intensity 
and back-peak rainfalls do not decrease with the increase in time, their maximum hori-
zontal displacements are 0.218 and 0.229 m, respectively, at the end of the rainfalls. The 
maximum horizontal displacement of the stepped rainfall slope is 0.228 m at the 57th hour. 
The maximum horizontal displacement of the medium-peak rainfall slope is 0.231 m at 
the 48th hour. The maximum horizontal displacement of the front-peak rainfall slope is 
0.233 m at the 24th hour. Subsequently, because the rainfall amounts of the three rainfall 
types decrease, particularly of the medium-peak and front-peak rainfalls, which decrease 
abruptly, the rainwater infiltration inside the slope decreases and the horizontal displace-
ment of the slope has a small rebound.

It can be seen from Fig. 8 that the horizontal displacements of the slope under the five 
rainfall types occur at the bottom of the slope, and the slope presents clear traction failure 
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characteristics. The results show that sliding failure occurs at the bottom of the slope, and 
the simulation results are consistent with the survey results. In addition, under the con-
dition of front-peak rainfall, the maximum horizontal displacement distribution range of 
the slope is larger than those of the other four rainfall types. Among all the rainfall types, 
under the condition of front-peak rainfall, the maximum horizontal displacement is the first 

Fig. 8  Maximum horizontal displacement diagram of the slope under different rainfall types (total rainfall 
in 3 days is 210 mm)
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to reach 0.233 m and is the largest. Therefore, the front-peak rainfall is the most unfavora-
ble for the slope stability under the same total rainfall and rainfall time.

3. Analysis of the change in the plastic zone of slope under different rainfall types.

As shown in Figs.  9, 10, 11, 12, and 13, under the conditions of equal-intensity, 
stepped, and medium-peak rainfalls, it can be seen that the change trends of the plastic 
zone of the slope are basically the same during continuous rainfall. The plastic zone 
distribution of the slope is small on the first day, and the plastic zone is mainly located 
at the foot of the slope and the slide zone and is relatively less around the slope top 
and the slope surface. On the second day of the rainfall, the plastic zone of the slope 
is completely through the upper soil layer, and the slope is unstable and destroyed. 
Owing to the scarcity of rainfall on the first two days, under the condition of back-
peak rainfall, the plastic zone of the slope develops gradually. The plastic zone of the 
slope is mainly distributed at the foot of the slope and the slip zone on the first day of 
the rainfall, and the distribution range is relatively small. Compared to the first day, 
the distribution range of the plastic zone increases slightly, and the slope remains in 
a stable state on the second day of the rainfall. Under the condition of the back-peak 
rainfall, the plastic zone of the slope develops rapidly after the third day of the rainfall, 
the plastic zone is completely through the upper soil layer at the end of the rainfall, 

Fig. 8  (continued)
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Fig. 9  Variation process of plastic zone of slope under equal-intensity rainfall (total rainfall in 3  days is 
210 mm)

Fig. 10  Variation process of plastic zone of slope under stepped rainfall (total rainfall in 3 days is 210 mm)
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Fig. 11  Variation process of plastic zone of slope under front-peak rainfall (total rainfall in 3  days is 
210 mm)

Fig. 12  Variation process of plastic zone of slope under medium-peak rainfall (total rainfall in 3  days is 
210 mm)
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and the stability of the slope decreases rapidly until failure. The front-peak rainfall is 
mainly concentrated on the first day; therefore, the plastic zone develops more rapidly 
than under the other rainfall types. The plastic zone of the slope is completely through 
the upper soil layer on the first day of the rainfall, the distribution range of the plastic 
zone is larger than those under the other rainfall types, and the slope is destroyed at the 
end of the first day of the rainfall.

Comparing the changes in the safety factor, displacement, and plastic zone of the 
slope under the conditions of the five rainfall types, it can be seen that their influence 
degrees on the slope stability are different for the same total rainfall. First, the influ-
ence of the stepped rainfall on the slope stability is basically the same as that of the 
medium-peak rainfall. The influence of the stepped and medium-peak rainfalls on the 
slope stability shows consistent trends in three aspects: slope safety factor, horizon-
tal displacement, and plastic zone development. Subsequently, the equal-intensity and 
back-peak rainfalls show the same trends in the change in the slope stability; how-
ever, the time points of the slope failure are different. Because the back-peak rainfall is 
mainly concentrated on the third day, the slope stability with the rainfall of the previ-
ous two days is relatively better. With the abrupt increase in the rainfall on the third 
day, a large amount of rainwater infiltration occurs, which causes an increase in the 
slope gravel soil weight, a decrease in the shear strength, instability, and failure of 
the slope. Finally, among all the rainfall types, the front-peak rainfall has the greatest 
adverse effect on the slope stability. Because the front-peak rainfall is mainly concen-
trated on the first day, the stability of the slope decreases rapidly in the initial stage of 
the rainfall. A large amount of rain infiltration directly occurs, which leads to a rapid 
saturation of the slope soil, and the slope is destroyed at the end of the first day of the 
rainfall.

Fig. 13  Variation process of plastic zone of slope under back-peak rainfall (total rainfall in 3  days is 
210 mm)
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5.2  Influence of rainfall intensity on slope stability

1. Analysis of slope stability under different rainfall intensities.

Three rainfall intensities of 50 mm/day, 70 mm/day, and 90 mm/day are selected to study 
their influence on the slope stability. The calculation time is 15 days, the rainfall duration 
is the first 3 days of the 15 days, and the rainfall type is equal-intensity rainfall. It can be 
seen from Fig. 14 that the slope safety factors show the same trends for the calculation time 
under the three rainfall intensities. On the first three days of the rainfall duration, under 
the three rainfall intensities, the slope safety factors decrease with the increase in the time. 
When the rainfall intensity is 50 mm/day, the slope safety factor reaches a minimum value 
of 1.023 at the end of the rainfall. Although the slope is not destroyed, the safety margin is 
not high. When the rainfall intensity is 70 mm/day, the slope begins to lose its stability at 
the 36th hour of the rainfall. With the continuation of the rainfall, the slope stability contin-
ues to decrease, and the slope safety factor reaches a minimum value of 0.952 at the end of 
the rainfall. When the rainfall intensity is 90 mm/day, it takes a shorter time for the slope to 
be destroyed than under the 50 mm/day and 70 mm/day rainfall intensities. Moreover, the 
slope is destroyed at the 27th hour. The slope stability is worse at the end of the rainfall, 
and the safety factor of the slope under the 90 mm/day rainfall intensity has the minimum 
value of 0.887 among those of the three rainfall intensities.

After the end of the rainfall, the slope safety factors under the three rainfall intensities 
initially increase rapidly and subsequently gradually stabilize. After the rainfall stops, with 
the continuous infiltration and discharge of the rain inside the slope, the saturation line of 
the slope moves downward, and the upper soil of the slope is restored from the saturation 
state to an unsaturated state. Moreover, the shear strength of the soil is gradually improved 
and the slope stability is also gradually increasing. It can be seen from Fig.  14 that the 
safety factors of the slope under the three rainfall intensities are basically the same at the 
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end of the computation. This shows that a high rainfall intensity during the rainfall process 
is associated with a short time required for the failure of the slope, and the slope stability is 
also the worst at the end of the rainfall. However, within 12 days after the end of the rain-
fall, the slope stability under the three rainfall intensities can be restored to the same stable 
state.

2. Analysis of slope displacement field with increase in time under rainfall intensity of 
70 mm/day.

As shown in Fig. 15, it can be seen that the trend of the maximum horizontal displacement 
curve of the slope under the rainfall intensity of 70 mm/day is opposite to that of the safety 
factor curve of the slope with the increase in the time. During the rainfall, because of rain 
infiltration, the upper soil layer of the slope changes from an unsaturated to a saturated 
state, the shear strength of the soil decreases, a horizontal displacement of the slope occurs, 
and the stability of the slope decreases. At the end of the third day of the rainfall, the hori-
zontal displacement of the slope reaches 0.218 m, and the slope is destroyed. After the end 
of the rainfall, with the infiltration and discharge of the rain inside the slope, the stability of 
the slope is restored, and the horizontal displacement of the slope gradually rebounds. At 
the end of the computation, the horizontal displacement of the slope is restored to 0.067 m, 
and the slope is in a stable state. As can be seen in Figs. 8a and 16, the maximum horizon-
tal displacement of the slope decreases gradually after the end of the rainfall and it also 
occurs at the foot of the slope. With the failure of the slope foot, the upper part of the slope 
loses its support and slips downward under the action of self-weight, and the entire slope is 
destroyed, and the slope presents clear traction failure characteristics. However, the maxi-
mum horizontal displacement of the slope is only 0.067 m at the end of the computation, 
and the distribution area of the slope failure is reduced, which has little influence on the 
stability of the slope and shows that the slope has to be restored to a stable state.
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Fig. 16  Variation in displacement of slope under 70 mm/day rainfall intensity (equal-intensity rainfall for 
3 days)
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3. Analysis of change in plastic zone of slope under rainfall intensity of 70 mm/day.

From Figs. 9 and 17, on the third day after the end of the rainfall, with the increase in the 
shear strength of the soil in the upper layer of the slope, the distribution range of the plastic 
zone of the slope is significantly reduced than that at the end of the rainfall. The plastic 
zone of the slope is mainly distributed at the foot of the slope and scattered on the surface 
of the slope and the slip zone. It can also be seen from Figs. 17b–d that with the increase in 
time, the distribution range of the plastic zone of the slope continues to decrease after the 
end of rainfall. Moreover, the plastic zone is only separately distributed at the foot surface 
and the sliding zone of the slope, and the slope gradually returns to stability. In addition, 
during the rainfall, the plastic zone first distributes at the foot of the slope and subsequently 
gradually through the entire slope, resulting in the failure of the slope. The distribution of 
the plastic area of the slope begins to decrease after the end of the rainfall, and compared 
with other parts of the slope, the foot of the slope is still the most widely distributed area 
of the plastic zone. Therefore, the result shows that the slope has clear traction failure char-
acteristics from either the slope displacement field or the plastic area distribution range. 
Rainfall causes rainwater to infiltrate and collect at the bottom of the slope, and the foot 
of the slope is first destroyed. After the upper part of the slope loses its support, the slope 
undergoes complete failure.

Fig. 17  Plastic zone change of slope after end of rainfall under 70 mm/day intensity (equal-intensity rainfall 
for 3 days)
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6  Conclusions

(1) The exit slope of the Chenjiapo tunnel is located in Xuanen County, Hubei Province. 
The geological structure is a hidden fault structure with a natural slope of 22–26° and 
a downward slope. The overburden on the slope is mainly gravel soil, the other part of 
the overburden is silty clay, and the underlying bedrock is siltstone. The yearly rainfall 
of Xuen County is 1361–1902 mm, and its maximum daily rainfall value is 90 mm. 
Continuous rainfall, high-intensity rainfall, and sudden rainfall in spring and summer 
are the main factors inducing landslides. The slope is located directly above the exit 
of the Chenjiapo tunnel. During the excavation of the tunnel, the left side of the front 
edge of the slope slipped downward, and a sliding landslide and an unstable slope are 
formed under the action of rainfall and excavation. The width, longitudinal length, and 
volume of the sliding landslide are approximately 120 m, 70 m, and approximately 
6.27 ×  104  m3, respectively, and it is a large-type landslide. The landslide has threat-
ened the safe construction of the tunnel, and the tunnel is in a state of shutdown. The 
width, longitudinal length, and volume of the unstable slope are approximately 200 m, 
300 m, and 8.69 ×  105  m3, respectively. The unstable slope not only threatens the safe 
construction of the tunnel but also directly risks the operation safety of the expressway 
at a later stage.

(2) The safety factor of the slope decreases with the increase in the rainfall time under the 
conditions of equal-intensity, stepped, medium-peak, and back-peak rainfalls. Under 
the conditions of stepped and medium-peak rainfalls, the safety factors of a slope rise 
slightly on the third day of the rainfall. The slopes of the four rainfall types begin to be 
destroyed in the middle and late stages of the rainfall, and the plastic zone begins to be 
completely through the slope. Compared to the slope safety factors of the four rainfall 
types, that under the front-peak rainfall first decreases and subsequently increases 
with the increase in time. Moreover, the failure occurs in the 18th hour of the rainfall 
which is the earliest time of slope failure, and the plastic zone is completely through the 
upper soil layer at the end of the first day of rainfall. Under the condition of front-peak 
rainfall, the maximum horizontal displacement of the slope is also the maximum value 
among those of the five rainfall types, and it can reach 0.233 m. Therefore, under the 
same rainfall duration and total rainfall, the front-peak rainfall is the most harmful to 
the slope.

(3) Under the condition of three days of equal-intensity rainfall, the minimum safety factor 
of the slope under a 50 mm/day rainfall intensity is 1.023, and no failure occurs. The 
minimum safety factor of the slope under the 70 mm/day rainfall intensity is 0.952, 
which begins to destroy at the 36th hour of the rainfall. The minimum safety factor of 
the slope under the 90 mm/day rainfall intensity is 0.887, which begins to destroy at the 
27th hour of the rainfall. This shows that a high rainfall intensity is related to the short 
time required for slope failure. Moreover, the worse the slope stability is at the end of 
the rainfall, the more unfavorable the slope stability becomes. The safety factor of the 
slope immediately rebounds after the rainfall, the horizontal displacement gradually 
rebounds, the distribution range of the plastic zone begins to decrease, and the slope 
has returned to a stable state after 12 days of the rainfall end.

(4) Based on the results of the numerical simulation and comprehensive analysis, the slope 
is unstable and damaged under rainstorm conditions. Therefore, it is suggested that the 
exit slope of the Chenjiapo tunnel should be strengthened by mainly building anti-slide 
piles to retain with closing slope cracks and draining as the subsidiary on the slope 
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and other methods. Rows of anti-slide piles are arranged in the upper part of the tunnel 
exit and the front part of the sliding landslide body. Simultaneously, drainage holes are 
added at the front edge of the sliding landslide body and a drainage seepage ditch is 
arranged along the back edge of the sliding landslide body to drain the surface water. 
Clay or mortar is used to seal the cracks on the slope in time to prevent rainwater from 
infiltrating the slope and causing sliding again.
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