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Abstract
Landslide is a commonly encountered natural disaster worldwide. Among the various 
influential factors, water is one of the major factors that can induce slope instability. The 
dynamic changes of rainfall and groundwater cause water migration inside the slope, which 
complicates the stress state inside the slope. This work aims at investigating the landslide 
problems that are induced by the combined action of rainfall infiltration and groundwa-
ter. The interaction mechanisms between the dynamic changes of rainfall, groundwater 
and the mechanical properties of the inner dump slope remain unclear, which make it very 
challenging to prevent landslide disaster in the open-pit coal-mine. To bridge this gap, we 
establish a theoretical model for the inner dump slope and experiment the impacts of vari-
ous factors involved in the combination of rainfall and groundwater on the slope insta-
bility. An analytical solution of the safety factor (FoS) is then developed for inner dump 
slopes. The final slope safety factor is the minimum value of FoS in different layers. In the 
developed solution, the saturation theory and unsaturated theory are integrated on the slope 
mechanical model. The sensitivity study of FoS to the dynamic changes of groundwater, 
rainfall, and other potential primary factors inducing slope instability indicates that, there 
exists a critical wetting front and a critical groundwater depth, where the primary factors 
affecting slope safety changes. The critical wetting front depth (hfo) and the critical ground-
water depth (hwo) can been obtained when the safety factor in the wetting frontis equal 
to the safety factor of the basement surface induced by groundwater (Fsf = Fsj). The natu-
ral layer depth (hd = 15 m) is the critical turning point where the primary factor inducing 
slope instability changes from rainfall to groundwater for λ = 0.5 and hw = 5 m. The reli-
ability and accuracy of the theoretical solutions are validated with a case study in Shengli 
#1 open-pit mine.

Keywords  Combined influence of rainfall and groundwater · Mechanical model of the 
dump slope stability · Critical wetting front depth · Critical groundwater depth

List of symbols
�d	� Unit weight of soil in natural layer (kN/m3)
c
′	� Effective cohesion of the slope soil (kPa)
�w	� Unit weight of water (kN/m3)
�	� Slope angle (°)
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�b	� Change of internal friction angle of wetting front (°)
Wj	� Slider gravity above basement (kN)
Ws	� Slider gravities above rainfall saturated layer (kN)
Wf	� Slider gravities above wetting front (kN)
Ns	� Slider normal force above rainfall saturated layer (kN)
�nj	� Normal stress above basement surface (kPa)
Js	� Seepage force of rainfall saturated layer (kN)
Fss	� Safety factor of saturated surface of rainfall (1)
Fso	� Critical safety factor of slope (1)
hs	� Saturation layer depth of rainfall (m)
hf	� Wetting front depth (m)
hw	� Groundwater depth (m)
�0	� Initial water content (1)
�t	� Unit weight of soil in transitional layer (kN/m3)
�

′	� Effective internal friction angle of the slope soil (°)
�

′	� Unit buoyant weight of soil (kN/m3)
l	� Tilt length of slider (m)
�ns	� Normal stress of rainfall saturated layer (kPa)
�ms	� Shear stress of rainfall saturated layer (kPa)
Fsj	� Safety factor of basement surface (Fsj)
Nj	� Slider normal force above basement (kN)
Nf	� Slider normal force above wetting front (kN)
�mj	� Shear force above basement surface (kPa)
Jw	� Seepage force of groundwater layer (kN)
Fsf	� Safety factor of wetting front (1)
Fs	� Safety factor of slope (1)
ht	� Transitional layer depth of rainfall (m)
hd	� Natural layer depth (m)
�s	� Saturated water content (1)
�r	� Residual water content (1)

1  Introduction

Landslide disaster of inner dump has always been a hot topic in geotechnical field, which 
is a massive threat to society and economy in open-pit mine. Among the many factors that 
may lead to slope failure, groundwater and rainfall are usually the most important and 
complex factors (Xu et al 2021a, b; Anc et al 2020). For the open-pit mine, due to its large 
excavation depth, the high dump slope is formed after the waste is filled artificially. The 
water level of the surrounding groundwater systems is higher than the bottom of the dump 
slope, and it is easy to form the water level inside the slope (Fig. 1). The redistribution of 
water within slope results in a breakdown of the mechanical equilibrium because of the 
replenished groundwater and rainfall infiltration. Landslide-triggering is related to ground-
water and rainfall infiltration in the open-pit mine. They increased soil moisture content 
and pore water pressure, which reduced effective stress and shear strength (Ghiassian et al. 
2008). Dong et al. (2012) presented a numerical procedure to explore how hydraulic con-
ductivity anisotropy and strength anisotropy affect the slope stability. The existing slope 
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stability theories cannot explain the complex relationship between stress state and stability 
of dump slope under the coupling action of diving and rainfall (see Fig. 1).

The fluctuation of groundwater level is usually accompanied by the occurrence of sea-
sonal rainfall. Recent studies based on field investigations and monitoring data suggest that 
landslides are not caused by a single factor, such as rainfall or groundwater, but by the 
combined action of several factors (Du et al 2013; Shi et al 2021; Wang et al 2016). Moreo-
ver, the factors inducing dump slopes instability change constantly as the combinations of 
rainfall conditions and groundwater change throughout the year. Therefore, it is necessary 
to discuss slope stability by considering various combinations of rainfall and groundwater 
in terms of specific characteristics of the dump slopes affected by groundwater and rainfall 
infiltration in the open-pit mine.

Many studies analyze the influence of a single factor on slope stability, and the main 
research results are as follows. For single groundwater, Hoek and Bray (1977) first assumed 
that the hydrostatic pressure presented a triangular distribution on the structural surface. 
Since then, many experts have carried out research based on this assumption (Wang et al. 
2009), while the influence of seepage forces was not considered. Ghiassian (2008) and Kim 
et al. (2018) deduced the seepage gradient in slopes with uniform flow. Wang et al. (2020) 
developed the analytical solution of the factor of safety (FoS) to accommodate the effects 
of groundwater on the stability of the dump slope and suggested that FoS versus ground-
water level could be described by an inverse function. Thus, groundwater seepage plays 
an important role in slope stability. Groundwater penetrates into the structure of the slope 
through cracks and changes the moisture content of the soil. The deterioration of cohesion 
and internal friction angle of soil structure eventually lead to slope instability (Padilla et al. 
2014; Wang et al 2019).

For a single rainfall factor, previous studies have explored the mechanism of rainfall 
infiltration into unsaturated soils, which is usually described by Darcy’s law as formulated 
in Richard’s equation (Van Gaalen et al 2013; Qiu et al 2022; Wang et al 2023). Moreover, 
the hydraulic properties of the soil in the unsaturated layer are usually described by the 
van Genuchten equation (Tian et al 2019; Sheikhbaglou et al 2021). More recently, studies 
have combined mechanical analysis and infiltration methods to assess the slope instability 

Fig. 1   High dump slope influenced by rainfall and groundwater in the open-pit mine
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induced by rainfall (Wei et al 2019; Xia et al 2013). Most studies focused on several typi-
cal rainfall patterns (e.g., uniform, advanced, and delayed rainfall patterns) (Tsai and Wang 
2010; Wu et al 2017a, b). They mainly studied the variation in rainfall parameters, includ-
ing influence of rainfall (rainfall threshold), rainfall intensity and rainfall time on the sta-
bility of unsaturated slope (Pradhan et al 2022; Qiang et al. 2020). The key issues of trig-
gering slope failures by rainfall are the effects of unsaturated soil properties, steady state 
flow and transient flow in the infiltration and evaporation cases on the stability of various 
geo-structures (Shahrokhabadi et al 2019; Vo and Russell 2014). More attention was paid 
to the influence of negative pore pressure or matric suction on retaining structure failure 
caused by precipitation. A great amount of effort has been devoted to calculating the thrust 
of earth pressures under unsaturated steady flow conditions and studying the mechanics of 
partially saturated soil under infiltration condition (Xu et al. 2021a; b; Zhou et al. 2014; 
Li and Yang 2020; Fathipour et al. 2020, 2023; Hu et al. 2018). Change in backfill satu-
ration has significant influence on active earth pressures (Vahedifard et  al 2015; Huang 
and Jia 2009). Nevertheless, the influences of rainfall and groundwater on the stability of 
landslides are different. Rainfall is a major factor that causes the deformation of the shal-
low part of the landslide, while groundwater is the most influential factor for the deep part 
of the landslide (Zhao et  al 2017; Zhou et  al 2016). Huang et  al. (2016) noted that the 
mechanism of these influential factors on slope stability is very complex. The mechanism 
of saturated and unsaturated factors influencing the force of slope in the same slope model 
needs further study.

Some achievement have also been achieved on slope stability under rainfall and groud-
water. In these studies, three main methods are utilized: field investigation and monitor-
ing data analysis, numerical simulation, laboratory experiments and numerous theoreti-
cal studies. The relationship between rainfall, groundwater, and landslides is investigated 
and monitored, and the probability of the landslides is evaluated (Huang et al 2018; Gao 
and Yin 2007). Numerical simulation studies were carried out to analyze the changes in 
slope water pressure during the landslide process because these changes have an important 
impact on the stability of the slope (Wu et al 2017a; b; He 2014; Sun et al 2016). Model 
tests of slopes under different rainfall and groundwater combinations were conducted, and 
the precursor information of the slope instability was obtained to assess the slope stability 
(Xiong et al 2019; Luo et al 2005; Huang and Yuin 2010). Although, some works of slope 
stability changes under the combined action of rainfall and groundwater have been done 
from a theoretical perspective (Šimůnek et al. 2016; Wu et al. 2021, Pd et al. 2020). They 
can describe infiltration and moisture redistribution for different slopes. While, they do not 
have a general analytical solution and its application in real-world systems requires inten-
sive computation. To date, slope stability under rainfall and groundwater dynamic varia-
tion is not taken into account in the slope mechanical model. These models treat all land 
surfaces as horizontal planes, even though surfaces may be inclining. In the stability analy-
sis, it is generally considered that the wetting front is the potential sliding surface, and the 
instability possibility in the basement surface in advance is ignored due to the influence of 
groundwater level variation. Therefore, it is difficult to accurately evaluate the mechanism 
of landslide disaster in the open-pit coalmine.

Although lots of work has been done by studying the influence of a single rainfall or 
groundwater factor and combined influence of rainfall and groundwater on slope stabil-
ity. Using the theoretical model to quantitatively investigate the failure mechanism of real 
landslides has not been conducted yet under combined influence of rainfall and groundwa-
ter. The main aim of this paper is to reveal the correlation between the dynamic variation 
of rainfall and groudwater and the slope stability from a theoretical perspective. This study 
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develops a stratification slope model to quantitative study slope stability under combined 
action of rainfall and groundwater, and a theoretical solution of FoS for the inner slopes by 
affected rainfall and groundwater. In the solving process, the effect of water seepage and 
the strength reduction of soil in the process of water migration are considered. Saturation 
theory and unsaturated theory are integrated into the same slope mechanical model. The 
critical rainfall expression and groundwater expression of the main factors inducing slope 
instability are determined. The developed model is verified and applied to analyze the sta-
bility of an inner dump slope in the Shengli open-pit coalmine under various rainfall and 
groundwater scenarios.

The study was organized to include several sections, starting with the introduction in 
Sect. 1, which describes the problem and background. This is followed by a study area of 
an inner dump slope with the combined influence of rainfall and groundwater in Sect. 2. In 
Sect. 3, a method was proposed to investigate the landslide problems that are induced by 
the combined action of rainfall infiltration and groundwater. In the method, a theoretical 
model for the inner dump slope was established, and an analytical solution of  the safety 
factor (FoS) is then developed for inner dump slopes. Thereafter, according to the meth-
odology, the parametric study was illustrated to study the slope stability changes with the 
dynamic changes of rainfall and groundwater (Sect. 4). Finally, verification and application 
are presented with a case study in Sect. 5, which are followed by the conclusions of this 
study (Sect. 6).

2 � Study area

The dump slope of the Shengli open-pit coalmine is employed for the case study in this 
section, which is located in Xilinhot City, Inner Mongolia, China. The field view of 
the inner dump slope is shown in Fig. 2. It is a hilly plateau terrain with elevation of 
970.00–1326.60  m and its relative elevation is 356.60  m. This inner dump slope was 

Fig. 2   Geographical location and contour map in Shengli open-pit coalmine
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formed in 2010, currently it is discharged to the level of + 975 m and its height is about 
165 m. Due to the existence of quaternary porous phreatic aquifers and local rivers on 
the eastern side, groundwater in the open-pit mine is widely distributed.

At present, owing to the poor permeability and the difficulty in dredging and lower-
ing water, sidewall seepage had become a serious problem, threatening the safety of 
the inner dump slope and the safe production of the mine (Wang et al 2020). Actually, 
the sidewall seepage had already caused some large-scale landslides in the eastern non-
working slope in this mine’s earlier phase. To mitigate sidewall seepage, two sumps are 
located at the northern and southern ends of the eastern inner dump slope for diversion 
and drainage, as displayed in Fig.  3. The water sumps are located on the platform of 
the inner dump, and the mining area is located at the bottom of the benches. Note that 
the inner dump slope is mainly composed of debris waste. In-situ test shows there is 
hydraulic relation between groundwater and sump in the inner dump. The groundwater 
inside the inner dump is replenished from the sumps and quaternary water, which forms 
the underground water conditions in the inner dump. Driven by the hydraulic gradient, 
the groundwater in inner dump can flow from the east side of the reservoir to the inner 
dump. Figure 4 shows the distribution of flow field in the inner dump slope.

Figure 5 shows a large amount of water by rainfall on the top of the inner dump and 
a landslide of slope surface in the inner dump induced by groundwater and rainfall. This 
work aims to evaluate the influence of groundwater and rainfall on the inner dump in the 
Shengli open-pit coalmine. On the one hand, during the rainy season, groundwater level 
changes due to hydraulic recharge from the east side; on the other hand, heavy rainfall 
causes the water to infiltrate into the slope. The seepage force and the influence depth of 
rainfall and groundwater are the main factors that threaten the stability of dump slopes 
in the open-pit coalmine. Determining the major factors of slope instability induced by 
rainfall and groundwater and illustrating the slope instability mechanism in dump slopes 
have become urgent problems.

Fig. 3   Field view of the inner dump slope in Shengli open-pit coalmine
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3 � Method

3.1 � Stratified slope model

The conventional Green-Ampt infiltration model is used to study shallow water infiltration 
in initially dry soil. According to the model, there is a sharp wetting front in the infiltration 
process. Dry soil and wet soil are separated by the wetting front (Green 1911; Ghiassian 
and Ghareh 2008). In the process of rainfall infiltration, the moisture content of the satu-
rated area above the wet front is θs. Below the wet front is natural soil with initial moisture 
content θr. The model represents the relationship between infiltration rate and wetting front 
depth, saturation permeability, suction head at the wetting front and surface water depth. 
Currently, the stratified soil model is widely used in most cases, and the slope is divided 
into two layers above the wetting front in the model, including a saturated layer and a tran-
sitional layer (Yao et  al. 2019). In most cases, stratified soil water content is observed, 
which can be divided into at least three layers during rainfall, including a saturated layer, a 

Fig. 4   Distribution of flow field 
in the inner dump slope (Wang 
et al 2020)

Fig. 5   A landslide site induced by groundwater and rainfall in Shengli open-pit coalmine
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transitional layer, and a natural layer (Yao et al. 2019). However, models of the combined 
influence of groundwater and rainfall on slopes are rarely studied. The model proposed in 
this paper unifies the combined influence of groundwater and rainfall on slopes by consid-
ering stratified soil. Experiments and theoretical analyses indicate that stratified soil water 
content should be considered. Meanwhile, the layer below the groundwater level is con-
sidered to be saturated. Thus, in the model, the slope affected by rainfall and groundwater 
can be divided into at least four layers from the top of the slope to the basement surface, 
including a saturated layer, a transition layer, a natural layer and a groundwater layer, as 
shown in Fig. 6. The changes in the saturated layer and transition layer are affected by rain-
fall, and the change in the groundwater layer is affected by groundwater. In Fig. 7, hs and ht 
are the depths of the saturated layer and transitional layer, respectively, m; hf and hd are the 
depths of the wetting front and the natural layer, respectively, m; hw is the depth of ground-
water layer, m; and � is the slope angle, °.

Furthermore, as proposed by Yao et al. (2019), the water content in the transitional layer 
and saturated layer changes with depth following an ellipse function, and the distribution of 
the water content during rainfall infiltration is shown in Fig. 7. Therefore, the distribution 
function of the water content in the unified slope model can be described by:

Fig. 6   Stratification model with the combined influence of rainfall and groundwater

Fig. 7   Distribution of water 
content of the soil with water 
infiltration
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where �0 and �s are the initial and saturated water contents, respectively.

3.2 � Model solution

When the rainfall infiltration and groundwater are unified, the study of the slope instabil-
ity mechanism becomes more complicated. In the unified model, the saturation theory and 
unsaturated theory are integrated into the same slope mechanical model. The effect of the 
seepage force on the saturated layer and the variation in the water content due to water 
migration are considered in the process of solving slope stability (Yao et al 2019; Gavin 
and Xue 2008; Das et al. 2009; Estabragh et al. 2016).

The following hypotheses are proposed in the solution derivation of the FoS for the uni-
fied stratification slope model subjected to rainfall and groundwater:

	 (i)	 The dump slope is infinitely long and the width of each slice is unity.
	 (ii)	 The main groundwater level, saturated layer, wetting front and basement surface are 

parallel to the slope, and the basement is impermeable.
	 (iii)	 As described by Yao et al. (2019), the soil water content in the transitional layer 

varies with depth following an ellipse function.

To analyze the influence of groundwater and rainfall on slope stability, the safety factors 
in the surface of the saturated layer, wetting front and the basement surface are studied in 
the following sections; their mechanical models are shown in Fig. 8, their angles are all 
equal to α (see the hypothesis above).�ns and �ms are the normal stress and shear stress of 
saturated layer, respectively, kPa; Ws and Wf are slider gravities above saturated layer and 
wetting front, respectively, kN;Wj and Nj are slider gravity and slider normal force above 
the basement, respectively, kN;Ns and Nf are slider normal force above saturated layer and 
wetting front, respectively, kN;�nf and �mf are the normal stress and shear stress of wetting 
front, respectively, kPa; Js and Jw are the seepage force of saturated layer and groundwater 
layer, respectively, kN.�nj and �mj are the normal stress and shear stress above basement 
surface, respectively, kPa. ua and uw are the air stress and water stress of the soil, respec-
tively, Pa. H is the depth from the top of the slope to the basement floor, m.

3.2.1 � Safety factor in the saturated surface caused by rainfall

As presented in reference (Cho 2009), the saturated surface of rainfall is taken as the study 
object, and the mechanical models are shown in Figs.8(a1) and (a2).

The soil gravities ( Ws ) and normal force ( Ns ) above the saturated layer surface can be 
represented as follows:

(1)

�(h) =

⎧
⎪⎪⎨⎪⎪⎩

�s 0 ≤ h ≤ hs Saturated layer,

�0 + (�s − �0)
�

1 − (
h−hs

ht

)2 hs ≤ h ≤ hs+ht Transition layer,

�0 hs + ht ≤ h ≤ hs + ht + hd Natural layer

�s h
s
+ ht + hd ≤ h ≤ hs + ht + hn + hw Groundwater layer

(2)Ws = �
�

V = �
�

hs
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The seepage force ( Js ) of saturated layer should be taken into account (Yao et al 2019; 
Gavin and Xue 2008), which can be expressed as follows:

The tilt length of slider,l , can be expressed by,

The safety factor on the surface of the saturated layer 
(
Fss

)
 can be expressed as follows:

where �′ is the effective internal friction angle,°;c′ is the effective cohesion, kPa; Js is the 
seepage force in the saturation layer caused by rainfall.

Substituting Eqs. (2) ~ (5) into (6), Eq. (7) can be obtained,

where � ′ and �w are the buoyant weight and water weight, respectively, kN/m3.
Equation (7) shows that the safety factor in the saturated layer surface is inversely pro-

portional to the saturated layer depth 
(
hs

)
 caused by rainfall. The first term shows that the 

decrease of the safety factor is mainly due to the decrease of the internal friction angle 
caused by rainfall. The second term shows that the increase of the saturated layer depth and 

(3)Ns = �
�

hs cos �

(4)Js = �whs sin �

(5)l = 1∕cos �

(6)Fss =
c
�

l + N tan�
�

Ws sin � + Js

(7)Fss =
c
�

l + �
�

hs cos � tan�
�

�
�
hs sin � + �whs sin �

=
tan�

�

tan �(1 +
�w

�
� )

+
2c

�

(�
�
+ �w)hs sin 2�

Fig. 8   Calculating diagram of the slope with the combined influence of rainfall and groundwater
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the decrease of cohesion can reduce the FoS in the saturated layer. Meanwhile, Eq. (7) also 
reflects that the seepage force has an important influence on the safety factor of the slope.

3.2.2 � Safety factor of wetting front

The wetting front is taken as the study object and the mechanical models are presented in 
Fig. 8b1, b2.

As described by Eq. (1), the soil water content in the transitional layer varies with depth 
as an ellipse function,

Combined with reference (Sun et  al 2016), the unit weight of soil in the transitional 
layer 

(
�t
)
 can be expressed by:

where �t and �d are the unit weight of soil in the transition layer and the drying weight, 
respectively, kN/m3.

Substituting Eq.  (8) into Eq.  (9), the soil unit weight in the transition layer can be 
calculated:

By using the existing methods of the M-C failure criterion and the limit equilibrium 
method for unsaturated soils,the normal stress �nf and shear stress �mf in the wetting front 
can be obtained (Yao et al 2019).

where �nf and �mf are the normal stress and shear stress in the wetting front, respectively, 
kPa.

As proposed in references (Cai et  al 2019; Lu 2008; Lu et  al 2010), the air pressure (
ua

)
 can usually be neglected in the rainfall infiltration process. The water pressure can be 

expressed using the pressure head ht in the transitional layer and the water unit weight 
(
�w
)
 . 

Equation (13) can be obtained,

where ua and uw are the pore air pressure and pore water pressure, respectively, kPa.
Meanwhile, as proposed by Lu and Godt (2008), Lu et al. (2010), Vanapalli et al. (1996), 

and Rossi et al. (2013), the change of the internal friction angle caused by matrix suction is 

(8)�(h) = �0 + (�s − �0)

√
1 −

(
h − hs

ht

)2

(9)�t = �d(1 + �)

(10)�t = �d[1 + �0 + (�s − �0)

√
1 − (

h − hs

ht

)2]

(11)�nf = (�
�

hs + ∫
hf

hs

�tdh) cos
2 � = {�

�

hs + �dht[1 + �0 + (�s − �0)
�

4
]} cos2 �

(12)

�mf = (�
�

hs + ∫
hf

hs

�tdh) cos � sin � = {�
�

hs + �dht[1 + �0 + (�s − �0)
�

4
]} cos � sin �

(13)ua = 0, uw = �wht
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related to the change of moisture content. The change of internal friction angle in the the wet-
ting front,�b , can be expressed as:

The Eqs. (11), (12), (13) and (14) are put together, and the safety factor in the wetting front 
can be expressed as,

where �f and �mf are the shear strength of unsaturated soil and shear stress in the wetting 
front, kPa.

Based on Eq. (15), the safety factor in the wetting front can be calculated as follows:

The safety factor in the wetting front can be divided into three terms according to Eq. (16). 
The first item shows that the safety factor is inversely proportional to the saturated layer depth 
( hs ) and the transition layer depth ( ht ). Both hs and ht are affected by rainfall. It shows that the 
increase of slipping force and the seepage force in the saturated layer and the reduction of the 
cohesive force lead to a decrease of the safety factor. The second and third terms show that the 
ratio of hs to ht can reduce the safety factor in the wetting front.

3.2.3 � Safety factor of basement surface

The sliding body above the basement surface is taken as the study object, and the mechanical 
models in the basement surface are shown in Fig. 8c1, c2. The seepage force in the saturated 
layer and groundwater layer can affect the safety factor of the basement surface.

Based on the above analysis, the soil gravity above the surface of the saturated layer Wj and 
normal force Nj can be written as follows:

(14)tan�b =
�0 − �r

�s − �r
tan�

�

(15)

Fsf =
�f

�mf

=
c
�

+ (�n − ua) tan�
�

+ (ua − uw) tan�
b

�m

=
c
�

+
{
�

�

hs + �dht[1 + �0 + (�s − �0)
�

4
]
}
cos2 � tan�

�

− �wht
�0−�r

�s−�r
tan�

�

{
�

�
hs + �dht[1 + �0 + (�s − �0)

�

4
]
}
cos � sin � + �whs sin � cos �

(16)

Fsf =
2c

�

hs(�
�
+�w) + �dht

[
1 + �0 + (�s − �0)

�

4

]
sin 2�

+
tan�

�

tan � +
�w tan �

{�
�
+�d

ht

hs

[
1+�0+(�s−�0)

�

4

]
cos �

−
2�w

�0−�r

�s−�r
tan�

�

(�
�
+�w)

hs

ht

+ �
d

[
1 + �0 + (�s − �0)

�

4

]
sin 2�

(17)
Wj = �

�

hs + ∫
hf

hs

�tdh + �d(1 + �0)hd + �
�

hw

= �
�

(hs + hw) + �d(1 + �0)(ht + hd) + �dht(�s − �0)
�

4
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As displayed in references (Tian et al. 2019; Luo et al. 2005; Huang and Yuin 2010), the 
seepage force of groundwater Jw can be expressed by:

The safety factor of the basement surface can be expressed as follows:

Substituting Eqs. (4), (17) ~ (19) into Eqs. (20), (21) can be obtained:

where hd is the natural layer depth, m.
By simplifying Eq. (21), Eq. (22) can be obtained:

According to Eq.  (22), the safety factor in the basement surface can be divided into 
two terms. The first term shows that the safety factor is inversely proportional to hs,ht and 
groundwater depth hw . Meanwhile, the decrease of the cohesion and the increase of seep-
age force caused by rainfall and groundwater also reduce the safety factor. The second term 
shows that the ratio of hs to ht and the ratio of hd to hs influence the safety factor of the base-
ment. In addition, the decrease of the internal friction angle caused by rainfall and ground-
water also reduces the safety factor. It is obvious that the safety factor in the basement 
surface can be affected by the combined action of groundwater and rainfall.

The FoS of the groundwater level surface is considered to be the safety factor for hw = 0.

We can obtain,

(18)
Nj = [�

�

hs + ∫
hf

hs

�tdh + �d(1 + �0)hd + �
�

hw] cos �

= [�
�

(hs + hw) + �d(1 + �0)(ht + hd) + �dht(�s − �0)
�

4
] cos �

(19)Jw = �whw sin �

(20)Fsj =
c
�

l + Nj tan�
�

Wj sin � + Js + Jw

(21)

Fsj =
c
�

l +
[
�

�

(hs + hw) + �d(1 + �0)(ht + hd) + �dht(�s − �0)
�

4

]
cos � tan�

�

[
�

�
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�

4
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sin � + �whs sin � + �whw sin �

(22)
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�
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Combining Eqs. (7), (16), (22) and (24), the safety factor of the slope can be expressed 
by:

Equation (25) shows that the instability of sliding band is mainly induced by rainfall if 
the safety factor of the saturated surface caused by rainfall or the wetting front is the small-
est. When the safety factor in the basement surface is the smallest, the instability of the 
sliding band is mainly induced by groundwater.

4 � Parametric study

The safety factor functions in the saturated layer surface, wetting front and basement 
surface are used to analyze the influence mechanism of the parameters including the 
rainfall and groundwater on the slope instability. In this section, the dump slope of the 
Shengli open-pit coalmine is employed for the case study in this section. The param-
eters of the dump slope by tests are as follows: �d = 18  kPa, � ′ = 10  kPa, �w = 9.8  kPa, 
c = 20 kPa,c′ = 13 kPa, �0 = 0.13,�r = 0.08, �s = 0.45, � = 34°, �′ = 30° and � = 30°. Parameter 
variations in rainfall and groundwater are in the following sections, such as hf, hw, hd and λ. 
The parameter analysis is carried out in the disscuss below.

4.1 � Rainfall and groundwater

In the process of actual rainfall, the saturated layer depth and transitional layer depth do not 
change independently, but demonstrate a certain proportional relationship affected by rain-
fall intensity and time. The proportion ( � ) of hs to hf is expressed as follows:

Equations (7), (16), and (22) can be expressed by:

(24)Fsj ≤ F
′

sj

(25)Fs = min{Fss,Fsf,Fsj}

(26)�=
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hf
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tan�
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Equations (27)–(29) show that the safety factors in the saturated layer surface, wetting 
front and basement surface are related to � and the depth ( hf ). The changes of safety factor 
with � and hf are shown in Figs.9 and 10, respectively.

Figure  9 shows that the safety factor decreases with increasing ratio ( � ). Meanwhile, 
increasing the wetting front depth ( hf ) can also cause the safety factor to decrease as shown 
in Fig. 10. The influence degrees of � or hf on the safety factors on the surface of the satu-
rated layer, the wetting front and basement surface decrease in turn. The change rate of the 
safety factor in the surface of the saturated layer ( � < 0.1) is much higher than that when 
� > 0.1. It shows that the transition zone depth caused by rainfall has great influence on the 
slope safety factor. Meanwhile, λ = 0.5 is the critical turning point where the primary fac-
tor inducing slope instability changes from the groundwater to the rainfall for hw = 1 m and 
hf = 6 m. The change rates of safety factors in the surface of the saturated layer and wetting 
front when hf < 2 m are much higher than those when hf > 2 m. hf = 6 m is the critical turn-
ing point where the primary factor inducing slope instability changes from the groundwater 
to the rainfall for λ = 0.5 and hw = 1 m. When the groundwater level is unchanged, the main 
influencing factor of slope stability changes from groundwater to rainfall with the continu-
ous rainfall.

4.2 � Depth of natural layer

According to the analysis above, the safety factor of the basement surface in the initial 
rainfall stage is lower than that in the upper layer affected by rainfall. With the increase of 
rainfall intensity and rainfall time, the wetting front depth increases. Under the combined 
action of strength reduction and seepage force, the FoS of different layers continuously 
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�
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Fig. 9   Safety factor versus � 
when hw = 1 m and hf = 6 m
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decrease. Meanwhile, with increasing groundwater depth, the natural layer depth ( hd ) 
between the wetting front and groundwater level gradually decreases. Thus, it is necessary 
to analyze the influence of the natural layer on slope stability. H is the depth from the slope 
top to the basement floor, m.

The wetting front depth can be expressed by:

Substituting Eq. (30) into Eqs. (27), (28) and (29), Eq. (31) can be obtained:

According to Eqs. (31)–(33), the variation of the safety factor with the natural layer 
depth can be obtained as shown in Fig. 11.

Figure 11 shows that both the safety factor and changing rate increase with increasing 
natural layer depth ( hd ). When the groundwater level remains unchanged, the safety factor 
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Fig. 10   Safety factor versus hf 
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curves in the saturated layer, wetting front and basement surface gradually intersect, then 
deviate from each other with the increase of natural layer depth. hd = 15 m is the critical 
turning point where the primary factor inducing slope instability changes from rainfall to 
groundwater for λ = 0.5 and hw = 5 m. The above analysis shows that with the increase of 
rainfall, the main factors affecting the FoS of slope change from the groundwater to the 
rainfall.

4.3 � Critical depths

Based on the above parameters analysis, the primary factors inducing slope instability can 
change with the changes of �,hs,ht,hf and hw . There exist the critical depths of groundwater 
and wetting front that can result in the change of primary factors. Therefore, it is necessary 
to analyze the critical wetting front depth and critical groundwater depth. The safety factor 
in the saturated layer is considered as a special case of the safety factor of the wetting front 
when � = 1. Thus, a comparative analysis of the safety factors in the wetting front and base-
ment surface are carried out in this section.

4.3.1 � Critical depth of wetting front

The groundwater depth will not change in the process of rainfall infiltration. At the begin-
ning of rainfall, the safety factor induced by groundwater is smaller than that caused 
by rainfall, and groundwater becomes the primary factor threatening slope stability. 
With increasing rainfall time, the wetting front gradually moves down, and the wetting 
front depth increases. The safety factor in the wetting front induced by rainfall is equal 
to the safety factor of the basement surface induced by groundwater. When the wetting 
front depth reaches the critical value, rainfall will be the primary factor inducing slope 
instability.

When the depth from the bedrock floor to the top of the slope and the groundwater 
depth remain unchanged, the natural layer depth can be expressed as follows:

Fig.11   Safety factor versus hd 
when � = 0.5 and h

w
 = 5 m
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Substituting Eq. (32) into Eqs. (30) and (31), Eqs. (33) and (34) can be obtained:

The critical wetting front depth can be set to hfo and obtained from Eq. (35),

Taking the dump slope in the Shengli open-pit coalmine as a case study, the variation 
curves of the critical wetting front depth ( hfo ) and critical safety factor ( Fso ) are shown in 
Figs.12, 13, 14 and 15.

Figures 13, 14 and 15 show that the critical wetting front depth (hfo) showed an increas-
ing trend with the increase of groundwater level (hw), and the increasing rate gradually 
increased. While, with the increase of λ, the critical wetting front depth (hfo) showed a 
decreasing trend, and the decreasing rate gradually decreased. This is because, the FoS 
of slope decreases with the increase of groundwater level, and the greater wetting front 
depth is required to achieve the same safety factor. Similarly, the increase of λ will also 
reduces the FoS of slope, and a smaller wetting front depth is required to achieve the same 
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Fig.13   Critical wetting front 
depth hfo versus ratio λ 

Fig.14   Critical safety factor F
so

 
versus h

w

Fig.15   Critical safety factor Fso 
versus λ 
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safety factor. When λ is smaller and hw is larger, there is no critical depth of wetting front. 
Because the FoS of slope is smaller due to the influence of groundwater, and the critical 
safety factor of slope cannot be reached by the influence of rainfall.

4.3.2 � Critical depth of groundwater

Without groundwater, for the slope affected by rainfall, the safety factor in the wetting front 
caused by upper rainfall is smaller than that induced by groundwater, and rainfall becomes 
the primary factor threatening slope stability. With increasing groundwater depth, the 
safety factor in the basement surface induced by the groundwater is equal to the safety fac-
tor in the wetting front caused by rainfall. When the groundwater depth reaches the critical 
value, groundwater will be the primary factor inducing slope instability.

Similarly, the critical groundwater depth can be obtained by Eq.  (35), which is set to 
hwo . Taking the dump slope in the Shengli open-pit coalmine as a case, the variation curves 
of critical groundwater depth ( hwo)and critical safety factor ( Fso)with the change of � and hf 
are shown in Figs.16, 17, 18 and 19.

Figures 16, 17, 18 and19 show that the critical groundwater depth (hwo) increases, and 
the change rate decreases with increasing wetting front depth (hf). In addition, the criti-
cal groundwater depth (hwo) also increases with increasing ratio (λ). This is because with 
increases in wetting front depth, the safety factor will decrease, and the groundwater depth 
required to reach the same safety factor will increase. Similarly, an increase of λ can also 
reduce the safety factor of the slope, and the groundwater depth required to reach the same 
safety factor decreases. The corresponding critical safety factor decreases with increasing 
wetting front depth. When the ratio (λ) of saturation layer by rainfall and the wetting front 
depth is larger, there is no critical groundwater depth because the actual safety factor of 
groundwater cannot be equal to the safety factor in the basement surface.

According to the above analysis, the safety factor changes inversely with the increase of 
the wetting front depth (hf) and groundwater level (hw). The influence of the ratio coefficient 
(λ) and the wetting front depth on the safety factors decrease successively in rainfall satu-
rated surface, wetting front and basement surface. The primary factors inducing slope insta-
bility change with the variation of groundwater and rainfall parameters. For the inner dump 

Fig.16   Critical groundwater 
depth h

wo
 versus wetting front 

depth h
f



1981Natural Hazards (2023) 118:1961–1988	

1 3

in open-pit mine, we suggest that monitoring the change of groundwater level and rainfall 
parameters should be appreciated. Critical rainfall parameters and groundwater levels are par-
ticularly concerned. The stability of slope is evaluated according to the change of groundwater 
level and rainfall parameters, and measures are taken in advance to reduce the loss caused by 
landslide disasters.

Fig.17   Critical groundwater 
depth h

wo
 versus ratio �

Fig.18   Critical safety factor F
so

 versus the wetting front depth h
f
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5 � Verification and application

The inner dump slope in the Shengli open-pit coal-mine was also used to verify the 
correctness of the above theory. The north end slope displacement was monitored by 
radar and the FoS in the north end slope was calculated in FLAC-3D software (Liu and 
Han 2005) to compare with the predictions of the model proposed in this paper for dif-
ferent rainfall parameters and groundwater levels in June 2014. The slope models in 
FLAC3D was built by directly mapping the slope shown in Fig. 20. The extensions of 
the slope are 1200 m in x- direction and 200 m in z- direction. Roller boundary condi-
tion is enforced at the bottom and lateral boundaries of the model. The calculation and 
monitoring results are shown in Figs. 21 and 22.

Figures  21 and 22 showed that the safety factor began to decline during continu-
ous rainfall on June 16 in June 2014. Due to the continuous rainfall and a large num-
ber of cracks at the top of the slope, the rainfall accumulates within the slope and the 
groundwater level showed an upward trend. As a result, continuous rainfall replenished 
groundwater after June 16. On June 21, the safety factor was approximately 1, and the 
early warning should be put forward based on the theoretical analysis results. The safety 
factor was less than 1 and slope failure occurred on June 25. The radar monitoring 
results showed that the increase rate of displacement was larger after June 16. And the 
increase rate of displacement is more obvious. Meanwhile, a slope warning appeared 
and then local slope failure occured. The radar monitoring results were consistent with 

Fig.19   Critical safety factor F
so

 
versus the ratio �

Fig. 20   The inner dump slope built in FLAC3D
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the results by theoretical and numerical calculation results, which verified the rational-
ity of the model proposed in this paper.

It should be noted that, the model proposed in this paper were used to calculate the 
FoS and forecast slope stability in this open-pit coal-mine for various rainfall conditions 
and groundwater elevations in recent years. No landslide disasters occurred in innenr 
dump of the Shengli open-pit mine. Meanwhile, the observations and monitoring data in 
the field have been consistent with the predictions of the results of the proposed model 
in this paper.

The research results are used for the geometry of the existing open-pit dump slope. 
The calculation result of FoS can be given quantitatively by Eqs. (7), (16) (22) and (23) 
for different rainfall and groundwater parameters. The primary factors inducing slope 
instability can be determined by Eq. (23) and the critical parameters can be obtained by 
Eqs. (7), (16), (22) and (23). Then the stability of the dump slope in the open-pit can be 
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evaluated and preventive measures in advance can be taken to reduce the loss of land-
slide disaster.

For other slope geometry, with the changing parameters of geometry, the FoS can be 
calculated and the slope stability can be predicted by the analytical solution of FoS in 
this paper.

6 � Conclusions

To investigate the slope stablity problem affected by the combined action of rainfall 
infiltration and groundwater, a stratified model of slope affected by rainfall and ground-
water is established, and the safety factor functions of different layers are solved. The 
dump slope in Shengli open-pit coalmine affected by the combined action of rainfall 
and groundwater is taken as a case, and parametric analysis was carried out to study the 
instability mechanism of slopes affected by rainfall and groundwater. Important conclu-
sions from this study can be summarized as follows:

1.	 A stratified model of slopes affected by rainfall and groundwater is established and the 
theoretical solution of FoS is developed to accommodate the influence of water seepage 
and the strength reduction of soil caused by water migration on the stability of the dump 
slope. The correlation characteristics were explored between the mechanical proper-
ties and stability of the dump slope and under the coupling action of groundwater and 
rainfall. The FoS in the saturated layer surface is inversely proportional to e saturated 
layer depth ( hs ) and is affected by rainfall. The FoS in the wetting front is inversely pro-
portional to the saturated layer depth ( hs ) and the transition layer depth ( ht ). The FoS in 
the basement surface is affected by the combined action of groundwater and rainfall.

2.	 The primary factors of inducing slope instability vary with groundwater and rainfall 
parameters. There exists the critical wetting front and the critical groundwater depth, 
where the primary inducing factors change. The critical rainfall expression and ground-
water expression of the main factors inducing slope instability are determined. The 
critical wetting front depth increases with the increasing groundwater depth, and the 
increasing rate gradually increases. As the ratio ( � ) increases, the critical wetting front 
depth decreases, and the decreasing rate continuously reduces. The corresponding criti-
cal safety factor decreases with increasing groundwater depth.

3.	 The critical groundwater depth is affected by rainfall parameters. It increases with 
the increase of the wetting front depth and ratio ( � ), and the increase rate gradually 
decreases. The corresponding critical safety factor decreases with increasing wetting 
front depth. When the ratio ( � ) and the initial wetting front depth (hf) are larger, there 
is no critical groundwater depth.

4.	 The results of this study were applied to a case study in the Shengli open-pit mine. The 
reliability and accuracy of the proposed mechanical model and theoretical solution 
were validated by field test data. The application value is that, for the geometry of the 
existing open-pit dump slope, the change result of FoS can be given quantitatively by 
the theoretical results according to the rainfall parameters and groundwater hydrological 
changes.



1985Natural Hazards (2023) 118:1961–1988	

1 3

Acknowledgements  The authors sincerely thank the following agents for their financial supports: National 
Natural Science Foundation of China (42172319) and Scientific and Technological Project of Henan Prov-
ince (222102320060).

Funding  National Natural Science Foundation of China, 42172319, Bo Liu, Scientific and Technological 
Project of Henan Province, 222102320060, Zhiliu Wang.

Declarations 

Conflict of interest  The authors declare that they have no conflicts of interest.

References

Anc A, Iip A, Gyp A, Ovd A, Ael A, Yab A, Kps A, Eiy A, Spp A, Tag A (2020) Hydrochemistry and 
isotopic signatures of subpermafrost groundwater discharge along the eastern slope of the Lena River 
Delta in the Laptev Sea. J Hydrol 590:125515. https://​doi.​org/​10.​1016/j.​jhydr​ol.​2020.​125515

Cai JS, Jim TC, Yan EC, Tang RX, Wen JC (2019) Importance of variability in initial soil moisture and 
rainfalls on slope stability. J Hydrol 571:265–278. https://​doi.​org/​10.​1016/j.​jhydr​ol.​2019.​01.​046

Cho SE (2009) Infiltration analysis to evaluate the surficial stability of two-layered slopes considering rain-
fall characteristics. Eng Geol 105:32–43. https://​doi.​org/​10.​1016/j.​enggeo.​2008.​12.​007

Das A, Jayashree C, Viswanadham BVS (2009) Effect of randomly distributed geo-fibers on the piping 
behaviours of embankment constructed with fly ash as a fill material. Geotext Geomembr 27:341–349. 
https://​doi.​org/​10.​1016/j.​geote​xmem.​2009.​02.​004

Dong JJ, Tu CH, Lee WR, Jheng YJ (2012) Effects of hydraulic conductivity/strength anisotropy on the 
stability of stratified, poorly cemented rock slopes. Comput Geotech 40:147–159. https://​doi.​org/​10.​
1016/j.​compg​eo.​2011.​11.​001

Du J, Yin KL, Lacasse S (2013) Displacement prediction in colluvial landslides, three Gorges Reservoir. 
China Landslides 10:203–218. https://​doi.​org/​10.​1007/​s10346-​012-​0326-8

Estabragh AR, Soltani A, Javadi AA (2016) Models for predicting the seepage velocity and seepage force 
in a fiber reinforced silty soil. Comput Geotech 75:174–181. https://​doi.​org/​10.​1016/j.​compg​eo.​2016.​
02.​002

Fathipour H, Siahmazgi AS, Payan M, Chenari RJ (2020) Evaluation of the lateral earth pressure in unsatu-
rated soils with finite element limit analysis using second-order cone programming. Comput Geotech 
125:103587. https://​doi.​org/​10.​1016/j.​compg​eo.​2020.​103587

Fathipour H, Tajani SB, Payan M, Chenari RJ, Senetakis K (2023) Impact of transient infiltration on the 
ultimate bearing capacity of obliquely and eccentrically loaded strip footings on partially saturated 
soils. Int J Geomech 23(2):04022290. https://​doi.​org/​10.​1061/​IJGNAI.​GMENG-​7463

Gaalen JFV, Kruse S, Lafrenz WB, Burroughs SM (2013) Predicting water table response to rainfall events, 
central Florida. Groundwater 51:350–362. https://​doi.​org/​10.​1111/j.​1745-​6584.​2012.​00970.x

Gao HX, Yin KL (2007) Discuss on the correlations between landslides and rainfall and threshold for land-
slide early-warning and prediction. Rock Soil Mech 28:1055–1060. https://​doi.​org/​10.​1016/​S1874-​
8651(08)​60066-6

Gavin K, Xue J (2008) A simple method to analyze infiltration into unsaturated soil slopes. Comput Geotech 
35:223–230. https://​doi.​org/​10.​1016/j.​compg​eo.​2007.​04.​002

Ghiassian H, Ghareh S (2008) Stability of sandy slopes under seepage conditions. Landslides 5:397–406. 
https://​doi.​org/​10.​1007/​s10346-​008-​0132-5

Green WH, Ampt GA (1911) Studies on soil physics. J Agric Sci 4:1–24. https://​doi.​org/​10.​1017/​s0021​
85960​00014​41

He Y (2014) Study on rainfall infiltration recharge numerical simulation. Coal Geol China 26:36–36. https://​
doi.​org/​10.​3969/j.​issn.​1674-​1803.​2014.​07.​09

Hoek E, Bray JW (1977) Rock slope engineering. CRC Press, London
Hu Z, Yang ZX, Wilkinson SP (2018) Analysis of passive earth pressure modification due to seepage flow 

effects. Can Geotech J 55(5):666–679. https://​doi.​org/​10.​1139/​cgj-​2017-​0087
Huang M, Jia CQ (2009) Strength reduction FEM in stability analysis of soil slopes subjected to transient 

unsaturated seepage. Comput Geotech 36(1–2):93–101. https://​doi.​org/​10.​1016/j.​compg​eo.​2008.​03.​
006

Huang CC, Yuin SC (2010) Experimental investigation of rainfall criteria for shallow slope failures. Geo-
morphology 120:326–338. https://​doi.​org/​10.​1016/j.​geomo​rph.​2010.​04.​006

https://doi.org/10.1016/j.jhydrol.2020.125515
https://doi.org/10.1016/j.jhydrol.2019.01.046
https://doi.org/10.1016/j.enggeo.2008.12.007
https://doi.org/10.1016/j.geotexmem.2009.02.004
https://doi.org/10.1016/j.compgeo.2011.11.001
https://doi.org/10.1016/j.compgeo.2011.11.001
https://doi.org/10.1007/s10346-012-0326-8
https://doi.org/10.1016/j.compgeo.2016.02.002
https://doi.org/10.1016/j.compgeo.2016.02.002
https://doi.org/10.1016/j.compgeo.2020.103587
https://doi.org/10.1061/IJGNAI.GMENG-7463
https://doi.org/10.1111/j.1745-6584.2012.00970.x
https://doi.org/10.1016/S1874-8651(08)60066-6
https://doi.org/10.1016/S1874-8651(08)60066-6
https://doi.org/10.1016/j.compgeo.2007.04.002
https://doi.org/10.1007/s10346-008-0132-5
https://doi.org/10.1017/s0021859600001441
https://doi.org/10.1017/s0021859600001441
https://doi.org/10.3969/j.issn.1674-1803.2014.07.09
https://doi.org/10.3969/j.issn.1674-1803.2014.07.09
https://doi.org/10.1139/cgj-2017-0087
https://doi.org/10.1016/j.compgeo.2008.03.006
https://doi.org/10.1016/j.compgeo.2008.03.006
https://doi.org/10.1016/j.geomorph.2010.04.006


1986	 Natural Hazards (2023) 118:1961–1988

1 3

Huang QX, Wang JL, Xue X (2016) Interpreting the influence of rainfall and reservoir infilling on a land-
slide. Landslides 13:1139–1149. https://​doi.​org/​10.​1007/​s10346-​015-​0644-8

Huang D, Gu DM, Song YX, Cen DF, Zeng B (2018) Towards a complete understanding of the triggering 
mechanism of a large reactivated landslide in the Three Gorges reservoir. Eng Geol 238:36–51. https://​
doi.​org/​10.​1016/j.​enggeo.​2018.​03.​008

Kim M, Onda Y, Uchida T, Kim JK, Song YS (2018) Effect of seepage on shallow landslides in con-sidera-
tion of changes in topography: case study including an experimental sandy slope with artificial rainfall. 
Catena 161:50–62. https://​doi.​org/​10.​1016/j.​catena.​2017.​10.​004

Li ZW, Yang XL (2020) Three-dimensional active earth pressure under transient unsaturated flow condi-
tions. Comput Geotech 123:103559. https://​doi.​org/​10.​1016/j.​compg​eo.​2020.​103559

Liu B, Han YH (2005) FLAC principle, example and application guide. China Communications Press, Bei-
jing ((in Chinese))

Lu N (2008) Infinite slope stability under steady unsaturated seepage conditions. Water Resour Res 
44(W11404):44. https://​doi.​org/​10.​1029/​2008W​R0069​76

Lu N, Godt JW, Wu DT (2010) A closed-form equation for effective stress in unsaturated soil. Water Resour 
Res 46:W05515. https://​doi.​org/​10.​1029/​2009W​R0086​46

Luo XQ, Liu DF, Wu J, Cheng SG, Shen J, Xu KX, Huang XB (2005) Model test study on landslide under 
rainfall reservoir water fluctuation. Chin J Rock Mech Eng 24:2476–2483

Padilla C, Onda Y, Iida T, Takahashi S, Uchida T (2014) Characterization of the groundwater response to 
rainfall on a hillslope with fractured bedrock by creep deformation and its implication for the genera-
tion of deep-seated landslides on Mt. Wanitsuka. Kyushu Island Geomorphol 204:444–458. https://​doi.​
org/​10.​1016/j.​geomo​rph.​2013.​08.​024

Pd A, Kdb A, Us B (2020) Runoff and sediment production from harvested hillslopes and the riparian area 
during high intensity rainfall events. J Hydrol 582:124452. https://​doi.​org/​10.​1016/j.​jhydr​ol.​2019.​
124452

Pradhan S, Toll DG, Rosser NJ, Brain MJ (2022) An investigation of the combined effect of rainfall and 
road cut on landsliding. Eng Geol 307:106787. https://​doi.​org/​10.​1016/J.​ENGGEO.​2022.​106787

Qiang Y, Zhang L, Xiao T (2020) Spatial-temporal rain field generation for the Guangdong-Hong Kong-
Macau greater bay area considering climate change. J Hydrol 583:124584. https://​doi.​org/​10.​1016/j.​
jhydr​ol.​2020.​124584

Qiu X, Li JH, Jiang HB, Ou J, Ma JQ (2022) Evolution of the transient saturated zone and stability analysis 
of slopes under rainfall conditions. KSCE J Civ Eng 26(4):1618–1631

Rossi G, Catani F, Leoni L (2013) HIRESSS: a physically based slope stability simulator for HPC applica-
tions. Nat Hazard 13:151–166. https://​doi.​org/​10.​5194/​nhess-​13-​151-​2013

Shahrokhabadi S, Vahedifard F, Ghazanfari E, Foroutan M (2019) Earth pressure profiles in unsaturated 
soils under transient flow. Eng Geol 260:105218. https://​doi.​org/​10.​1016/j.​enggeo.​2019.​105218

Sheikhbaglou A, Khodaverdiloo H, Zeinalzadeh K, Kheirfam H, Azad N (2021) Fitting process-dependence 
performance of the van Genuchten soil water retention model to simulate the soil water flow. Soil Till-
age Res 209:104952. https://​doi.​org/​10.​1016/j.​still.​2021.​104952

Shi DM, Jiang GY, Peng XD, Jin HF, Jiang N (2021) Relationship between the periodicity of soil and water 
loss and erosion-sensitive periods based on temporal distributions of rainfall erosivity in the Three 
Gorges Reservoir Region, China. CATENA 202:105268. https://​doi.​org/​10.​1016/j.​catena.​2021.​105268

Šimůnek J, van Genuchten MT, Šejna M (2016) Recent developments and applications of the Hydrus com-
puter software packages. Vadose Zone J. https://​doi.​org/​10.​2136/​vzj20​16.​04.​0033

Sun GH, Zheng H, Tang HM et al (2016) Huangtupo landslide stability under water level fluctuations of the 
three gorges reservoir. Landslides 13:1167–1179. https://​doi.​org/​10.​1007/​s10346-​015-​0637-7

Tian Z, Kool D, Ren T, Horton R, Heitman JL (2019) Approaches for estimating unsaturated soil hydraulic 
conductivities at various bulk densities with the extended Mualem-van Genuchten model. J Hydrol 
572:719–731. https://​doi.​org/​10.​1016/j.​jhydr​ol.​2019.​03.​027

Tsai TL, Wang JK (2010) Examination of influences of rainfall patterns on shallow landslides due to dissi-
pation of matric suction. Environ Earth Sci 63:65–75. https://​doi.​org/​10.​1007/​s12665-​010-​0669-1

Vahedifard F, Leshchinsky BA, Mortezaei K, Lu N (2015) Active earth pressures for unsaturated retaining 
structures. J Geotech Geoenviron Eng 141(11):04015048

Vanapalli SK, Fredlund DG, Pufahl DE, Clifton AW (1996) Model for the prediction of shear strength with 
respect to soil suction. Can Geotech J 33:379–392. https://​doi.​org/​10.​1139/​t96-​060

https://doi.org/10.1007/s10346-015-0644-8
https://doi.org/10.1016/j.enggeo.2018.03.008
https://doi.org/10.1016/j.enggeo.2018.03.008
https://doi.org/10.1016/j.catena.2017.10.004
https://doi.org/10.1016/j.compgeo.2020.103559
https://doi.org/10.1029/2008WR006976
https://doi.org/10.1029/2009WR008646
https://doi.org/10.1016/j.geomorph.2013.08.024
https://doi.org/10.1016/j.geomorph.2013.08.024
https://doi.org/10.1016/j.jhydrol.2019.124452
https://doi.org/10.1016/j.jhydrol.2019.124452
https://doi.org/10.1016/J.ENGGEO.2022.106787
https://doi.org/10.1016/j.jhydrol.2020.124584
https://doi.org/10.1016/j.jhydrol.2020.124584
https://doi.org/10.5194/nhess-13-151-2013
https://doi.org/10.1016/j.enggeo.2019.105218
https://doi.org/10.1016/j.still.2021.104952
https://doi.org/10.1016/j.catena.2021.105268
https://doi.org/10.2136/vzj2016.04.0033
https://doi.org/10.1007/s10346-015-0637-7
https://doi.org/10.1016/j.jhydrol.2019.03.027
https://doi.org/10.1007/s12665-010-0669-1
https://doi.org/10.1139/t96-060


1987Natural Hazards (2023) 118:1961–1988	

1 3

Vo T, Russell AR (2014) Slip line theory applied to a retaining wall-unsaturated soil interaction problem. 
Comput Geotech 55:416–428. https://​doi.​org/​10.​1016/j.​compg​eo.​2013.​09.​010

Wang Y, Liang B, Sun W (2009) Failure mechanism study on maleic oblique-basement dump of variable 
hydrostatic pressure. J Liaoning Tech Univ (natural Science) 28:196–198

Wang JG, Su AJ, Xiang W, Yeh HF, Xiong CR, Zou ZX, Zhong C, Liu QB (2016) New data and inter-
pretations of the shallow and deep deformation of Huangtupo No.1 riverside sliding mass dur-
ing seasonal rainfall and water level fluctuation. Landslides 13:795–804. https://​doi.​org/​10.​1007/​
s10346-​016-​0712-8

Wang K, Xu ZM, Tian L, Ren Z, Yang K, Tang YJ, Gao HY, Luo JY (2019) Estimating the dynamics of the 
groundwater in vegetated slopes based on the monitoring of streams. Eng Geol 259(105160):2. https://​
doi.​org/​10.​1016/j.​enggeo.​2019.​105160

Wang ZL, Liu B, Han YH et al (2020) Stability of inner dump slope and analytical solution based on circu-
lar failure: illustrated with a case study. Comput Geotech 117:103241. https://​doi.​org/​10.​1016/j.​compg​
eo.​2019.​103241

Wang ZL, Li XM, Yin S, Du XD (2023) Analysis of rainfall infiltration and improvement of the analyti-
cal solution of safety factors on unsaturated inner dump slopes: a case study. Processes 10(11):2407. 
https://​doi.​org/​10.​3390/​pr101​12407

Wei ZL, Lü Q, Sun HY, Shang YQ (2019) Estimating the rainfall threshold of a deep-seated landslide by 
integrating models for predicting the groundwater level and stability analysis of the slope. Eng Geol 
253:14–26. https://​doi.​org/​10.​1016/j.​enggeo.​2019.​02.​026

Wu L, Xu Q, Zhu J (2017a) Incorporating hydro-mechanical coupling in an analysis of the effects of rainfall 
patterns on unsaturated soil slope stability. Arab J Geosci. https://​doi.​org/​10.​1007/​s12517-​017-​3147-1

Wu ZB, Wang CQ, Zheng JB, Xiao LC (2017b) Numerical simulation of the groundwater seepage and sta-
bility of the construction sediment receiving filled slope under different rainfall intensities. Saf Environ 
Eng. 24:148–153 ((in chinese))

Wu SB, Chui TFM, Chen L (2021) Modeling slope rainfall-infiltration-runoff process with shallow water 
table during complex rainfall patterns. J Hydrol 599:126458. https://​doi.​org/​10.​1016/j.​jhydr​ol.​2021.​
126458

Xia M, Ren MG, Ma LX (2013) Deformation and mechanism of landslide influenced by the effects of 
reservoir water and rainfall, three gorges. China Nat Hazards 68:467–482. https://​doi.​org/​10.​1007/​
s11069-​013-​0634-x

Xiong X, Shi Z, Xiong Y, Peng M, Zhang F (2019) Unsaturated slope stability around the Three Gorges 
Reservoir under various combinations of rainfall and water level fluctuation. Eng Geol 261:105231. 
https://​doi.​org/​10.​1016/j.​enggeo.​2019.​105231

Xu JS, Zhao X, Li PF, Zhang MJ (2021a) Stability of a 3D unsaturated vertical cut slope subjected to vari-
able rainfall infiltration. Comput Geotech 134:104110. https://​doi.​org/​10.​1016/j.​compg​eo.​2021.​104110

Xu J, Wang P, Huang F, Yang X (2021b) Active earth pressure of 3D earth retaining structure subjected to 
rainfall infiltration. Eng Geol 293:106294. https://​doi.​org/​10.​1016/j.​enggeo.​2021.​106294

Yao WM, Li CD, Zhan HB, Zeng JB (2019) Time-dependent slope stability during intense rainfall with strat-
ified soil water content. Bull Eng Geol Environ 2:1–15. https://​doi.​org/​10.​1007/​s10064-​018-​01437-3

Zhao NH, Hu B, Yi QL, Yao WM, Ma C (2017) The coupling effect of rainfall and reservoir water level 
decline on the baijiabao landslide in the Three Gorges Reservoir Area. China Geofluids 12:1–12. 
https://​doi.​org/​10.​1155/​2017/​37248​67

Zhou YF, Tham LG, Yan WM, Dai FC, Xu L (2014) Laboratory study on soil behavior in loess slope sub-
jected to infiltration. Eng Geol 183:31–38. https://​doi.​org/​10.​1016/j.​enggeo.​2014.​09.​010

Zhou AN, Li CQ, Huang J (2016) Failure analysis of an infinite unsaturated soil slope. Proc Inst Civ Eng 
Geotech Eng 169:410–420. https://​doi.​org/​10.​1680/​jgeen.​15.​00172

Publisher’s Note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this article under 
a publishing agreement with the author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of such publishing agreement and applicable 
law.

https://doi.org/10.1016/j.compgeo.2013.09.010
https://doi.org/10.1007/s10346-016-0712-8
https://doi.org/10.1007/s10346-016-0712-8
https://doi.org/10.1016/j.enggeo.2019.105160
https://doi.org/10.1016/j.enggeo.2019.105160
https://doi.org/10.1016/j.compgeo.2019.103241
https://doi.org/10.1016/j.compgeo.2019.103241
https://doi.org/10.3390/pr10112407
https://doi.org/10.1016/j.enggeo.2019.02.026
https://doi.org/10.1007/s12517-017-3147-1
https://doi.org/10.1016/j.jhydrol.2021.126458
https://doi.org/10.1016/j.jhydrol.2021.126458
https://doi.org/10.1007/s11069-013-0634-x
https://doi.org/10.1007/s11069-013-0634-x
https://doi.org/10.1016/j.enggeo.2019.105231
https://doi.org/10.1016/j.compgeo.2021.104110
https://doi.org/10.1016/j.enggeo.2021.106294
https://doi.org/10.1007/s10064-018-01437-3
https://doi.org/10.1155/2017/3724867
https://doi.org/10.1016/j.enggeo.2014.09.010
https://doi.org/10.1680/jgeen.15.00172


1988	 Natural Hazards (2023) 118:1961–1988

1 3

Authors and Affiliations

Zhiliu Wang1 · Bo Liu2,3 · Yanhui Han4

 *	 Bo Liu 
	 liub@cumtb.edu.cn

1	 School of Civil Engineering and Architecture, Zhongyuan University of Technology, 
Zhengzhou 450007, China

2	 School of Mechanics and Civil Engineering, China University of Mining and Technology, 
Beijing 100083, China

3	 State Key Laboratory for Geomechanics and Deep Underground Engineering, Beijing 100083, 
China

4	 Aramco Americas: Aramco Research Center, Houston, TX 77084, USA


	Combined influence of rainfall and groundwater on the stability of an inner dump slope
	Abstract
	1 Introduction
	2 Study area
	3 Method
	3.1 Stratified slope model
	3.2 Model solution
	3.2.1 Safety factor in the saturated surface caused by rainfall
	3.2.2 Safety factor of wetting front
	3.2.3 Safety factor of basement surface


	4 Parametric study
	4.1 Rainfall and groundwater
	4.2 Depth of natural layer
	4.3 Critical depths
	4.3.1 Critical depth of wetting front
	4.3.2 Critical depth of groundwater


	5 Verification and application
	6 Conclusions
	Acknowledgements 
	References




