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Abstract
The impoundment of the Three Gorges Reservoir in China inevitably caused the reservoir landslides to develop toward insta-
bility, which has attracted widespread attention. Taking the Huangtupo Riverside Slump 1# with the structural characteristics of
double sliding zones as a case, this study focuses on the sliding zone soils in the hydro-fluctuation belt affected by the periodic
fluctuations of reservoir water level. The wetting-drying cycles test is carried out to simulate the cyclic impact of the fluctuations
on the sliding zone soils. Hence the weakening law of the strength parameters is illustrated and well characterized by an
exponential function model. Considering the different number of wetting-drying cycles, the long-term reliability of the shallow
and deep sliding surfaces is quantified via the imbalance thrust force method and reliability theory. The results indicate that the
local failure probability of both sliding surfaces gradually rises as the number of wetting-drying cycles increases. In particular, the
shallow sliding surface presents a greater local failure probability than that of the deep one since more slices are in the hydro-
fluctuation belt. Besides, the sensitivity of the landslide response to the strength parameters is different, and the internal friction
angle is much greater than the cohesion. The area of the hydro-fluctuation belt plays a significant role on the long-term reliability
of the landslide, which should be closely monitored to guide the reservoir operation.

Keywords Reservoir landslides . Hydro-fluctuation belt . Wetting-drying cycles . Long-term reliability . Imbalance thrust force
method . Reliability theory

Introduction

The occurrence of catastrophic landslides has the potential not
only to cause heavy casualties and property losses but also to
bring irreparable damage to resources, environment, and ecology
(Huang 2009; Kirschbaum et al. 2015; Yin et al. 2016). In recent

decades, with the rapid increase of clean energy demand and the
substantial enhancement of natural transformation ability, a
growing number of infrastructure projects, including large hydro-
power stations, have been built in mountainous areas (Duman
2009; Huang 2012). As a result, many landslides located in the
reservoir area occur as the reservoir-induced landslides
(Paronuzzi et al. 2013; Yin et al. 2016; Tang et al. 2019). Since
the Vajont landslide disaster in 1963, reservoir landslides have
attracted close attention due to its characteristics of wide distri-
bution, strong suddenness, high frequency, and great harm (Barla
and Paronuzzi 2013). Therefore, research on reservoir landslides,
with a focus on analyzing the influence of periodic reservoir
operations and evaluating the long-term stability, is an imperative
issue worldwide.

The Three Gorges Hydropower Station on the Yangtze
River in China has the largest installed hydropower capacity
in the world. The periodic operations of reservoir water level
have evidently increased the frequency of geological disasters,
especially landslides (Tang et al. 2019). According to statis-
tics, there are more than 5300 landslides along the reservoir
bank of about 2000 km in the Three Gorges Reservoir Area
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(TGRA), and more than 60 landslides have been triggered by
the reservoir operations (Du et al. 2013; Yao et al. 2020).
Furthermore, the periodic fluctuations of reservoir water level
have awakened some large-scale ancient landslides with mul-
tiple sliding zones to be reactivated and even destroyed
(Gutiérrez et al. 2010; Micu and Bălteanu 2013; Wang et al.
2018a). An extreme case is the destructive Qianjiangping
landslide, which occurred 14 days after the reservoir
impounded from 95 to 135 m in 2003, killing 24 people and
destroying 346 houses (Yin et al. 2016; Tang et al. 2019).

The filling of the TGRA has a cyclical fluctuation of 30 m
(145–175 m) to meet the demands of flood control and power
generation, which results in an observable hydro-fluctuation
belt (Deng et al. 2016; Liao et al. 2020a). When the reservoir
water level rises, the soils in this belt are in a saturated state by
the water supply; on the other hand, when the level of the
reservoir drops, the piezometric level (or groundwater level)
also drops thanks to the drainage devices on the landslide. The
water content can vary above this piezometric surface.
However, it varies very little in soils with a clay component.
In fact, a capillary fringe is established above the piezometric
surface at which the soils remain saturated. This capillary
fringe can develop over great heights. Consequently, the study
carried out in this article is partly theoretical because it makes
the assumption of a variation of water contents at the level of
the surfaces of failure. Only samples at the level of these
failure surfaces, for the different piezometric levels, could
clarify this subject. In this case, the earth mass in this belt
experiences repeated wetting-drying cycles due to the periodic
reservoir operations, leading to changes in its composition,
structure, and properties (Gullà et al. 2006; Ng et al. 2009;
Tang et al. 2016; Pasculli et al. 2017). As a result, the alter-
nating wetting-drying processes are likely to cause the deteri-
oration of the soil strength and urge the disintegration of the
soil structure.

It is widely recognized that the sliding zone plays a key role
in controlling the landslide deformation (Wen et al. 2007;
Tang et al. 2015a). Hence the weakening way of the sliding
zone soils and the effect of this weakening on the stability of
the landslide have been closely concerned (Penna et al. 2013;
Deng et al. 2017; Jiang et al. 2019; Miao et al. 2020).
Currently, most of the studies contain only a single sliding
zone, and little attention is paid to multiple sliding zones while
considering the influence of the hydro-fluctuation belt simul-
taneously. Therefore, it is necessary to analyze the complex
landslide with multiple sliding zones and quantify the weak-
ening of sliding zone soils in the hydro-fluctuation belt under
long-term reservoir operations, so that the comprehensive per-
formance of the landslide can be understood.

There is an ever-increasing interest in analyzing the struc-
tural stability from a probabilistic point of view (Chen et al.
2019). Reliability theory is a probability calculation method
developed in recent decades, which has been widely used in

structural engineering, and landslides are no exception (Phoon
et al. 2013; Li et al. 2015; Fenton et al. 2016; Juang et al.
2018). In conventional stability analysis, the factor of safety
is an index to evaluate the landslide state assuming that the
geotechnical properties are invariable. In fact, uncertainties
are an inherent property of geotechnical properties (gravity,
cohesion, internal friction angle, permeability coefficient,
etc.), which vary within a given range of variation (Peng
et al. 2017). Therefore, considering the variability of geotech-
nical properties is of great significance for landslide stability
analysis.

This study aims to evaluate the long-term reliability of the
reservoir landslides by considering the weakening of the slid-
ing zone soils in the hydro-fluctuation belt. The Huangtupo
Riverside Slump 1# which has the structural characteristics of
double sliding zones in the TGRA is selected as the case
study. The wetting-drying cycles test is conducted to simulate
the weakening of sliding zone soils in the hydro-fluctuation
belt under the repeated reservoir operations, and an exponen-
tial model is proposed to outline the degradation. In addition,
the imbalance thrust force method and reliability theory are
introduced to analyze the stability and local failure probability
of the landslide. Then, the long-term reliability of the
Riverside Slump 1# is quantified and discussed based on
weakening of sliding zone soils in hydro-fluctuation belt un-
der wetting-drying cycles.

Materials

Geological setting

The Huangtupo landslide in the TGRA is located on the south
bank of the Yangtze River in Badong County, Hubei
Province, about 2 km from the Badong Bridge (Fig. 1a). The
Huangtupo landslide is developed in the limestone and argil-
laceous limestone with weak interlayers of theMiddle Triassic
Badong Formation (T2b). The materials of the sliding mass
are primarily rock and soil debris, which are originating from
the weathering of the bedrock, water-rock interaction, and
down slope transportation. Four subordinate landslides make
up this massive landslide, which are called Riverside Slump
1#, Riverside Slump 2#, Substation Landslide, and Garden
Spot Landslide (Fig. 1b). The composite landslide is famous
for its huge scale, complex structure, diverse causes, serious
hazards, and difficult governance, so it has become the most
noticeable reservoir landslide in the TGRA (Tang et al.
2015b). Geometrically, this mass covers an area of 1.35
km2, with a volume of nearly 70 million m3, forming the
largest reservoir landslide in China.

Previous studies combined with field investigation and
monitoring data have demonstrated that the Riverside Slump
1# has the highest risk of instability among the four
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subordinate landslides in the Huangtupo landslide (Wang
et al. 2018a; Li et al. 2019). Therefore, in order to comprehen-
sively expose the structure characteristics and evolutionmech-
anism of the Riverside Slump 1#, a large-scale tunnel group
that consists of a main tunnel and five branch tunnels with a
series of in situ monitoring systems was constructed for fur-
ther analysis (Tang et al. 2015a).

The borehole coring and inclinometer monitoring data sug-
gest that the Riverside Slump 1# has the structural character-
istics of double sliding zones (Wang et al. 2018b). The deep
sliding zone exposed by the main tunnel and BR-5 is located
at the contact surface between the bedrock and the sliding
mass, and the elevation of the shear outlet is about 60 m.
The thickness of the sliding zone between the bedrock and
the sliding mass is 0.1 to 0.3 m, which is composed of
grayish-green silty clay and gravels. Another shallow sliding
zone developed on the western boundary of the Riverside
Slump 1# is revealed by the BR-3, and the elevation of the
shear outlet is about 90 m. Different from the materials of the
sliding zone in the main tunnel and BR-5, the color of the soils
here is brownish yellow instead of grayish-green, and a finer
particle size with less gravels is observed. Furthermore, the U-
Th dating method was conducted to test the calcite samples of
the sliding zones collected from BR-3 and BR-5, and the

indicated age results were 40 and 100 ka, respectively
(Wang et al. 2018b). These clues confirm that the sliding
zones in BR-3 and BR-5 are in different sliding surfaces
(Tang et al. 2015a; Wang et al. 2018b). Therefore, two sliding
surfaces exist in the east and west of the Riverside Slump 1#,
respectively, which divide the Riverside Slump 1# into two
secondary landslides, named the Riverside Slump 1-1# and
Riverside Slump 1-2# (Fig. 1c). Taking A-A' (Fig. 1b) as the
baseline, the cross section is shown in Fig. 2, in which the
deep sliding surface is marked in red and the shallow sliding
surface is marked in green.

Hydrogeological setting

Badong County, where the Huangtupo landslide is located,
belongs to the subtropical monsoon region, with four distinct
seasons and abundant rainfall. According to statistics, the an-
nual average temperature in the landslide area is 17.5 °C, of
which July and August are high-temperature periods each year
with an average daily temperature of 35.3 °C and January and
February are low-temperature periods with an average daily
temperature of 3.8 °C. The average rainfall in the landslide
area is 1100.7 mm, and the period of concentrated rainfall is

Fig. 1 a Location of the
Huangtupo landslide, b satellite
image of the Huangtupo
landslide, c structure of the
Riverside Slump 1#
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fromApril to September, which can reach 71.8% of the annual
rainfall.

As illustrated in the geologic cross section (Fig. 2), the shal-
low sliding mass of the Huangtupo Riverside Slump 1# is com-
posed of loose soil and rock debris, which has been tested to have
good permeability (Wang et al. 2014). According to the demands
of reservoir scheduling, the water level of the TGRA cyclically
rises and falls between 175 and 145 m annually, resulting in a
typical hydro-fluctuation belt with a height difference of 30 m.
The fluctuation of reservoir water level inevitably causes the
change of the groundwater level, which has a significant influ-
ence on the deformation of the landslide. In order to interpret the
relationship between the reservoir water level and the groundwa-
ter level, borehole HZK7 was installed, and the recorded results
were shown in Fig. 3.

It can be seen from Fig. 3 that the groundwater level fluc-
tuates with the scheduling of the reservoir water level. When
the reservoir water level rises, the reservoir water supplements
the groundwater, causing the groundwater level to rise

accordingly; when the reservoir water level falls, on the other
hand, the groundwater in turn supplements the reservoir water,
causing the groundwater level to drop.

As a result, the soils located in the hydro-fluctuation belt
register variations in pore water pressure, and we postulate
that this follows variations in water content (from a saturated
state to an unsaturated state) with, consequently, variations in
mechanical parameters, which are the main contribution of
this article. Although the weakening is usually a gradual pro-
cess and the effect of each cycle may not be obvious, the
results will be amplified after repeated interactions, conclu-
sively causing the failure.

Wetting-drying cycles test

In order to investigate the weakening law of the sliding zone
soils, the wetting-drying cycles test is performed, which arti-
ficially generates the alternating process, reducing the time
needed naturally, through more intense cycles of weakening.

The materials used in this test program are sampled from
the BR-3 of the Riverside Slump 1#, which are mainly com-
posed of silty clay with gravel and debris in a reservoir envi-
ronment (Fig. 4). Four samples are tested, and the average
physical parameters are measured as shown in Table 1.

The samples are divided into five groups, six for each
group, corresponding to the number of wetting-drying cycles.
In this test, a complete wetting-drying cycle includes two pro-
cesses, air-drying and saturation, of which the air-drying pro-
cess is reached by evaporating the samples in natural condi-
tions and the saturation process is completed by soaking in an
aspirator. Throughout the article, for simplicity, the term “wet-
ting-drying cycles” is employed. In reality it should be under-
stood that the change of the mechanical characteristics of slid-
ing zone soils with water content is the essence of this study.
The change range of the moisture content herein is set

Fig. 2 Schematic geologic cross section of the Riverside Slump 1# (revised from Ni et al. 2013)

Fig. 3 Fluctuation of the water level in the Three Gorges Reservoir and
groundwater level in the borehole HZK7 (revised from Tang et al. 2015b)
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between 10 and 21% based on the physical properties of the
samples and its storage environment. The maximum 21% is
the saturated moisture content, while the minimum 10% is
determined on the basis of the annual variation of water con-
tent in the sliding zone soils (Lu et al. 2018; Miao et al. 2020).
The realization of the whole cycle process is completed by
weighing at 60-min intervals.

Furthermore, the TYS-500 triaxial shear test apparatus is
employed to conduct the consolidated undrained test (CU).
The prepared samples are tested under the confining pressures
of 100, 200, 300, and 400 kPa, respectively, and the shear rate
is controlled at 0.8 mm/min during the shearing process. The
test can be terminated until the load reaches the peak strength
of the samples. Alternatively, the strain of 15% can be con-
sidered as the damage point if the peak shear strength is not
observed. In this way, the normal stress (σ) and the shear
strength (τ) of the samples can be acquired by Eq. (1).

σ ¼ 1

2
σ1 þ σ3ð Þ þ 1

2
σ1−σ3ð Þcos2α

τ ¼ 1

2
σ1−σ3ð Þsin2α

α ¼ 45∘ þ 1

2
φ

8>>>><
>>>>:

ð1Þ

Taking the initial state of samples as an example (0
wetting-drying cycle), the strain-stress curves under different
confining pressures and the corresponding strength envelope
diagrams are shown in Fig. 5.

Subsequently, the cohesion (c) and internal friction angle
(φ) are obtained based on the relationship between σ and τ
(Fig. 5b). As shown in Table 2, the peak strength increases
with the increase of confining pressure, which is opposite to
the number of wetting-drying cycles. Similarly, the strength
parameters show a decreasing tendency with increasing
wetting-drying cycles, especially φ. But c appears a certain
increase at the beginning of the test. A reasonable interpreta-
tion for this phenomenon is that the hydrophilic materials are
included in the sliding zone soils, such as montmorillonite and
illite (Jiao et al. 2014). When the sample is saturated, these
materials swell with water to fill the gaps and cement the
debris, so an increase in c is observed. After several cycles,
the reinforcing effect is reduced, and the mechanical weaken-
ing gradually appears. As a result, the observed increase is
time-sensitive.

100, 200, 300, and 400 kPa are the confining pressure

Methods

Failure mechanism model

Limit equilibrium methods for assessing the stability of land-
slides are commonly used in engineering practice due to its
simple principles and effective outcomes. To date, many re-
searchers have established different equilibrium equations and

Fig. 4 Sampling position and
experimental instrument of the
sliding zone soils

Table 1 Average physical parameters of the sliding zone soil

Natural weight γn
(kN/m3)

Dry weight γd
(kN/m3)

Natural moisture
content W (%)

Saturation Sr (%) Liquid limit WL (%) Plastic limit WP (%) Plastic index IP

20.30 17.90 15.97 75.5 25.95 13.86 12.09
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relationship assumptions between the interslice shear and nor-
mal forces to enrich the limit equilibrium fundamentals
(Bishop 1955; Janbu 1957; Morgenstern and Price 1965;
Spencer 1968; Sarma 1979; Zhu et al. 1999). Among these
techniques, the imbalance thrust force method proposed by
Zhu et al. (1999) has been recognized as one of the most
popular ways, especially in China. It is an improved Janbu
method assuming that the direction of the force between the
slices is consistent with the inclination of the slices, while the
direction in Janbu method is taken to be horizontal.

As shown in Fig. 6a, a typical reservoir landslide with
double sliding surfaces is illustrated.When analyzing the shal-
low sliding surface, the sliding mass is divided into n slices, of
which the sliding force is Ti and the anti-sliding force is Ri.
The free body diagram gives an indication as to where the
forces act on the ith slice (Fig. 6b). According to the force
equilibrium, Ti and Ri can be expressed as follows:

Ti¼ Wi1 þWi2ð Þsinαi þ Fi‐1cos αi‐1−αið Þi−Fi þ Dicos βi−αið Þ
ð2Þ

Ri ¼ Wi1 þWi2ð ÞcosαiþFi‐1sin αi‐1−αið ÞþDisin βi−αið Þ½ �tanφiþcili ð3Þ
where Wi1 and Wi2 denote the natural gravity and effective
gravity of the ith slice, respectively; αi denotes the ground
inclination of the ith slice; Fi ‐ 1 denotes the residual thrust
from the first to i-1th slice acting on the ith; Fi denotes the
capacity of maximum support force that can be provided by
the slices from i+1th to nth;Di denotes the osmotic pressure of
the ith slice and can be quantified byWwi sin βi, in whichWwi

denotes the water gravity of the ith slice and βi denotes the
angle between the phreatic line of the ith slice and the hori-
zontal plane; ci and φi denote the cohesion and internal fric-
tion angle of the ith slice, respectively; and li denotes the
length of the ith slice on sliding surface.

Fig. 5 a The strain-stress curves
from the triaxial test, b the
strength envelope diagram from
the triaxial test

Table 2 Peak strength and
average strength parameters
under wetting-drying cycles

Number of cycles Peak strength(kPa) Strength parameters

100 kPa 200 kPa 300 kPa 400 kPa c (kPa) φ (°)

0 190.41 304.29 467.08 515.8 31.81 21.46

1 182.15 292.60 392.08 452.88 36.42 18.31

2 169.82 277.21 326.78 410.29 38.41 16.22

3 145.10 248.22 301.79 385.81 28.32 16.27

4 137.85 229.91 275.66 354.24 28.81 14.99
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Let Fs denote the factor of safety, which can be answered
by the iteration method (Yao et al. 2020). Then, Fi can be
expressed as:

F1 ¼ Fi−1ψi þ Wi1 þWi2ð Þsinα1 þ D1cos β1−α1ð Þ− cili þMitanφið Þ=Fs

ψi ¼ cos αi−1−αið Þ−sin αi−1−αið Þtanφi=Fs

Mi ¼ Wi1 þWi2ð Þcosαi þ D1sin β1−α1ð Þ

8<
:

ð4Þ
where ψi denotes the transfer coefficient of imbalance thrust
from the i-1th slice to the ith slice.

On the other hand, the deep sliding mass is divided into s
slices, of which the kth and pth slices are connected with the
first and nth slices of the shallow sliding mass. The impacts of
upper sliding mass can therefore be considered to the equiva-
lent forces exerting on the shallow sliding surface (Fig. 6c).
Further, the equivalent forces can be decomposed according to
the direction of the deep sliding surface as:

U j¼Ri
0
cos αi−γ j

� �
−Ni

0
sin αi−γ j

� �
ð5Þ

V j¼Ri
0
sin αi−γ j

� �
þ Ni

0
cos αi−γ j

� �
ð6Þ

Ri
0 ¼ − Wi1 þWi2ð ÞcosαiþFi‐1sin αi‐1−αið ÞþDisin βi−αið Þ½ �tanφiþcilif g

ð7Þ
Ni

0¼− Wi1 þWi2ð ÞcosαiþFi‐1sin αi‐1−αið ÞþDisin βi−αið Þ½ � ð8Þ

where Ri
′ and Ni

′ correspond to Ri and Ni, respectively, with
the same values but opposite directions, and Ni denotes the
base normal force of the ith slice.

Analogously, Fj can be calculated as:

F j ¼ F j−1ψ j þ W j1 þW j2
� �

sinα j þ Djcos β j−α j
� �

þ U j− c jl j þ M j þ V j
� �

tanφ j

h i
=Fs

0 ð9Þ

Reliability theory

In general, the factors that affect the structural function can be
summarized as load (T) and resistance (R). In this way, the
function that characterizes the structural performance can be
expressed as:

Z ¼ R−T ð10Þ

This expression is also applicable to the landslide, which
can be described as the relationship between the sliding force
and anti-sliding force. As a result, three equations may result:

Z ¼ R−T > 0; Stable
Z ¼ R−T ¼ 0;Limit equilibrium
Z ¼ R−T < 0; Failure

8<
: ð11Þ

Fig. 6 a Diagram showing slices
of a reservoir landslide with
double sliding surfaces, b forces
acting on the shallow slices, c
forces acting on thedeep slices
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where Z denotes the security margin, R denotes the anti-
sliding force, and T denotes the sliding force.

Considering the uncertainty of the input variables, the per-
formance function can be quantified by the reliability index
(β) and failure probability (Pf). Let Z satisfy the normal dis-
tribution, hence β and Pf can be outlined as follows:

β ¼ μZ=σZ ¼ μR−μTð Þ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σR

2 þ σT
2−2ρRTσRσT

p
ð12Þ

P f¼P Z < 0ð Þ ¼ Φ 0−μZ=σZð Þ ¼ Φ −βð Þ ¼ 1−Φ βð Þ ð13Þ

where μ denotes the mean value, σ denotes the variance, Φ
denotes the standard normal distribution function, and ρRT

denotes the correlation coefficient of R and T, which charac-
terizes the degree of linear correlation between R and T. When
|ρRT = 1|, R and T are linearly related; when |ρRT = 0|, R is not
related to T.

According to limit equilibrium method, the landslide is
divided into designed number of slices, and let fi replace
tanφi to simplify the calculation. The security margin of the
slice i is:

Zi ¼ Ri−Ti ¼ Ni f iþlici−Ti ð14Þ

Normally, the strength parameters are crucial internal fac-
tors affecting the calculation results for the defined landslide
configuration (Miao et al. 2017). And the variability of the
strength parameters under the periodic fluctuations of reser-
voir water level is more obvious. Therefore, c and φ are con-
sidered to be normally distributed and selected as random
variables to establish the security margin function; then the
local failure probability of the landslide can be calculated as
follows:

P f i ¼ 1−Φ μZi
=σZi

� �
μZi

¼ Niμ f i
þ liμci−T 1

σZi ¼ N2
i σ f i þ l2i σci þ 2NiliCov f i; cið Þ

Cov f i; cið Þ ¼ ρ f ici
ffiffiffiffiffiffiffiffiffiffiffiffi
σ f iσci

p

8>><
>>:

ð15Þ

where Cov(fi, ci) denotes the covariance of fi and ci and ρ f i
ci

denotes the correlation coefficient of fi and ci.

Results

Weakening law

The periodic fluctuations of reservoir water level in the TGRA
have formed an obvious hydro-fluctuation belt with a height
of 30 m. Subsequently, the earth mass in this belt experiences
alternating wetting-drying cycles, which inevitably leads to
the degradation of its mechanical properties, especially
strength parameters.

As mentioned above, the wetting-drying cycles test is con-
ducted on the sliding zone soils of the Huangtupo Riverside
Slump 1# to demonstrate the weakening law of the strength
parameters. In the purpose of generalizing a more reliable
weakening model and ulteriorly predicting the weakening of

Table 3 Statistical data of
strength parameters under
wetting-drying cycles

Sources Parameters Number of wetting-drying cycles

0 1 2 3 4 5 6

Jiang et al. (2019) c 31.42 20.95 15.47 10.21 5.84 4.37 4.46

φ 26.97 26.39 26.44 25.95 25.24 25.04 24.61

Deng et al. (2017) c 18.32 15.58 13.21 10.15 8.71 8.27 7.84

φ 19.31 18.33 17.66 16.78 16.39 16.14 15.74

Zhang et al. (2017) c 16.02 15.62 15.27 14.35 13.69 13.15 12.71

φ 45.61 45.02 42.91 41.23 39.85 39.17 38.30

Zhou et al. (2012) c 9.37 8.23 7.02 6.59 5.74 - -

φ 32.8 30.5 29.6 27.7 27.0 - -

Liu et al. (2008) c 14.05 13.04 - 11.88 - - 10.64

φ 39.39 38.37 - 36.57 - - 35.25

Table 4 Fitting results of the strength parameters

Sources Parameters a b d RMSE R2

Jiang et al. (2019) c 0.10 0.91 0.49 0.75 0.991

φ 0.78 0.22 0.075 0.18 0.956

Deng et al. (2017) c 0.31 0.71 0.32 0.46 0.985

φ 0.76 0.24 0.24 0.081 0.996

Zhang et al. (2017) c 0.68 0.34 0.16 0.24 0.960

φ 0.63 0.38 0.10 0.37 0.982

Zhou et al. (2012) c 0.51 0.50 0.35 0.15 0.987

φ 0.72 0.28 0.25 0.89 0.985

Liu et al. (2008) c 0.67 0.33 0.21 0.079 0.998

φ 0.86 0.14 0.23 0.067 0.999
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the strength parameters, several representative wetting-drying
cycles results are also counted. These studies tested different
types of soils or rocks in the TGRA, and the weakening results
obtained were shown in Table 3.

Based on the existing experimental results and theoretical
analysis, the weakening of strength parameters under wetting-
drying cycles can be good characterized by an exponential
function:

ω Nð Þ ¼ ω0 aþ be‐Nd
� � ð16Þ

where ω denotes the strength parameters, including c and φ;
ω0 denotes the initial value of parameters; N denotes the num-
ber of wetting-drying cycles; a denotes the residual weakening
coefficient; b denotes the weakening proportionality coeffi-
cient; and d denotes the weakening law coefficient.

The weakening function is performed to fit the strength
parameters, and the coefficients are obtained using the custom
equation of Matlab toolbox with 95% confidence bounds.
Besides, two statistical indices are introduced, namely the root
mean square error (RMSE) and goodness of fit (R2) to assess
the fitting performance of the model (Liao et al. 2020b).

As shown in Table 4, the results confirm that the proposed
weakening model has a high accuracy and is suitable for
fitting the weakening of the strength parameters under
wetting-drying cycles. In analogy, the model is conducted to
fit the c and φ obtained in this study and predict the subse-
quent data. The coefficients of the weakening function are
0.56, 0.42, and 0.31, respectively. Considering the weakening
of the shallow sliding zone and deep sliding zone soils syn-
chronously, the strength parameters employed in the calcula-
tion under different number of wetting-drying cycles are
shown in Table 5.

Long-term reliability analysis

Figure 7 shows that the Riverside Slump 1# is decomposed
into multiple slices. Among them, the shallow sliding surface
is divided into 20 slices, and the deep sliding surface is divided
into 28 slices. The hydro-fluctuation belt affected by the res-
ervoir scheduling is defined based on the demarcation of the
corresponding phreatic lines when the reservoir water level is
145 and 175 m (Tang et al. 2015b). The number of weakening
slices in the shallow sliding surface is eight and is four for the
deep sliding surface. The basic calculation parameters are
shown in Table 5 and Table 6 (Ni et al. 2013; Tang and Lu
2018). In particular, the weakening of the sliding zone soils in
the hydro-fluctuation belt starts from the natural strength.

Prior to evaluating the reliability of the landslide, the fac-
tors of safety, Fs, under different wetting-drying cycles when
the reservoir water level is 145 and 175 m are calculated, as
shown in Fig. 8. Especially, when the number of wetting-
drying cycles is 0, it is the initial state without considering
the weakening of the strength parameters.

With the increase of wetting-drying cycles, the factor of
safety decreases gradually, indicating that the landslide is de-
veloping toward instability. In addition, the stability of the
shallow sliding surface is worse compared with the deep one
at the same reservoir water level, and the stability of the res-
ervoir water level at 175 m is worse than that at 145 m for the
same sliding surface.

In more detail, taking the uncertainty of the strength param-
eters into account, the local failure probability of the shallow
and deep surfaces is quantified.

As shown in Fig. 9, the local failure probability is roughly
similar under different wetting-drying cycles, showing an

Table 5 The values of strength parameters under wetting-drying cycles

Sliding zone soils Parameters Number of wetting-drying cycles Coefficient of variation

0 1 2 3 4 6 8 10

Shallow c 31.81 36.42 38.41 28.32 28.81 22.64 19.63 18.01 0.22

φ 21.46 18.31 16.22 16.27 14.99 13.42 12.77 12.43 0.24

Deep c 53.60 46.53 42.13 38.9 36.53 33.52 31.90 31.03 0.22

φ 26.16 22.71 20.56 18.98 17.83 16.36 15.57 15.14 0.24

Table 6 Initial geotechnical
parameters of the Riverside
Slump 1#

Sliding zone soils Weight (kN/m3) Cohesion (kPa) Internal friction angle (°)

Natural Saturation Natural Saturation Natural Saturation

Shallow 20.3 21.2 31.8 26.7 21.46 18.25

Deep 20.3 21.2 53.6 48.4 26.16 23.72
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overall upward trend. This is because the weakening function
employed in each cycle is the same, except for the first four
cycles in the shallow sliding surface. Taking the shallow slid-
ing surface at reservoir water level of 175 m as an example,
the curve appears concave from the first to the fourth cycle.
The reason behind the difference is that the c of the slices in
the hydro-fluctuation belt has increased rather than decreased,
which enhances the anti-sliding force of these slices.

The local failure probability of the landslide gradually rises
as the number of wetting-drying cycles increases, and the
shallow sliding surface is greater than that of the deep sliding
surface. Taking the maximum local failure probability at the

reservoir water level of 175 m as an example, the failure prob-
ability of the shallow slice increased from 5.06 to 22.92% after
10 cycles, and the deep slice increased from 4.50 to 8.43%.
The intrinsic reason for this phenomenon is that there are eight
shallow sliding slices located in the hydro-fluctuation belt,
while there are only four deep sliding slices in this belt. As a
result, the shallow sliding surface is more likely to be affected
by the periodic reservoir operations.

The local failure probability at reservoir water level of 175
m is greater than that of 145 m. For example, the maximum
failure probability of shallow sliding surface at the reservoir
level of 175 m is 22.92%. By contrast, the failure probability
is 17.85% when the reservoir water level is 145 m.
Analogously, this result can be observed in the deep surface
as well. It is worth noting that the conclusions obtained here
assume that the reservoir water level remains stable without
considering fluctuation, which means that the seepage field is
steady when analyzing.

Discussion

Sensitivity of strength parameters

Under the periodic fluctuations of reservoir water level, the
hydro-fluctuation belt experiences alternating wetting-drying
cycles, resulting in the degradation of strength parameters and
further affecting the stability of the landslide. In fact, the re-
sponse of the landslide to the strength parameters is different.
Generally, landslide is more sensitive to changes inφ, and this
inference can be obtained implicitly from Fig. 9c. At the first
cycle, c increased by 4.61 kPa compared to the initial state (0
wetting-drying cycle); on the contrary, φ decreased by 3.15°.
Consequently, the maximum local failure probability in-
creased by 2.01%.

More intuitively, the simple control variables method is
conducted to analyze the sensitivity of the strength parame-
ters. Taking the 10th slice in the shallow sliding surface when
the reservoir water level is 175 m as a reference, c and φ are

Fig. 7 The calculation diagram of
the Riverside Slump 1#
considering the hydro-fluctuation
belt

Fig. 8 Factor of safety under different wetting-drying cycles, a reservoir
water level of 145 m, b reservoir water level of 175 m
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successively reduced by 5% each interval without considering
wetting-drying cycles. The sensitivity results obtained by pa-
rameter analysis are shown in Fig. 10.

Figure 10 shows the results of failure probability when c
and φ are varied. The inclination of the curves provides an
indication regarding the sensitivity. Changingφ from 21.46 to
12.88° has more effect on the failure probability than chang-
ing the c from 31.81 to 19.09 kPa, despite the range being
40% in both cases. The curve of c is gentle, while the curve of
φ shows a sharp rise indicating that the weakening of φ plays
a growing role on the stability. Therefore, it is indispensable to
notice the change ofφwhen evaluating the performance of the
landslide.

Area of hydro-fluctuation belt

This study focuses on the sliding zone soils in the hydro-
fluctuation belt affected by the repeated fluctuations of reser-
voir water level, which is mainly demarcated by the phreatic
lines. In general, the demarcation can be acquired through the
groundwater level monitoring or numerical simulation. There
may be great errors and human factors in partitioning. In order
to further investigate the effect of the area of hydro-fluctuation
belt on the failure probability, three partitions containing dif-
ferent number of weakening shallow slices at reservoir water
level of 175 m are calculated.

It can be drawn from Fig. 11a that the landslide tends to be
more stable as the number of slices in the hydro-fluctuation
belt increases. This is because under the existing model

configuration and reservoir water level, if the slices in the
hydro-fluctuation belt increase, the saturated slices that use
the saturation strength parameters will decrease. As a result,
the stability of the landslide goes up, and the failure probabil-
ity goes down. However, when the wetting-drying cycles are
included, the response of the belt with more slices is more
intense. Taking the 10th slice as an example, after 10 cycles,
the failure probability is 30.94% when the 5 to 14 slices are
weakened, while the failure probability is 16.1%when the 5 to
10 slices are weakened (Fig. 11b). The results show an obvi-
ous difference with the different number of weakening slices.
We can therefore draw conclusion that the area of hydro-

Fig. 9 Local failure probability of
the Riverside Slump 1#, a the
shallow sliding surface at
reservoir water level of 145 m, b
the deep sliding surface at
reservoir water level of 145 m, c
the shallow sliding surface at
reservoir water level of 175 m, d
the deep sliding surface at
reservoir water level of 175 m

Fig. 10 The sensitivity of the shallow sliding surface to the strength
parameters
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fluctuation belt has a significant effect on the stability of the
reservoir landslides. As a guide, the height difference of the
reservoir water level should be closely monitored to avoid the
formation of a widespread hydro-fluctuation belt in the actual
reservoir operation.

Weakening model

Based on the wetting-drying cycles test implemented in the
sliding zone soils, a weakening model is proposed to outline
the degradation of strength parameters, which presents a high
accuracy. But the results of the factor of safety seem to be
inconspicuous. This is because the strength parameters and
weakening model selected herein are obtained by sampling
in the designed zone, the BR-3 of the Riverside Slump 1#.
That is, the results of the test on a single zone are employed to
represent the overall nature of the landslide. In fact, the
strength parameters of the sliding surface at different positions
may be different and the weakening law may not be similar as
well, which can be known as spatial variability (Vanmarcke
2010). Even if the same weakening law is established, differ-
ent parameter inputs may draw completely different conclu-
sions. For example, we refer to the strength parameters, cn=33
kPa, cs=26 kPa, φn=16°, and φs=14°, used in the previous
study (Ni et al. 2013) and analyze the stability of the shallow
sliding surface at reservoir water level of 175 m according to
the same weakening function. The factor of safety and local
failure probability under different wetting-drying cycles are
shown in Fig. 12.

Fig. 11 Local failure probability
with different number of
weakening slices, a under initial
state, b under 10 wetting-drying
cycles

Fig. 12 Calculation results with the referenced strength parameters, a
factor of safety, b local failure probability
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Figure 12 shows that the factor of safety and local failure
probability with the referenced strength parameters are quite
different from the results obtained in this study due to different
input parameters. By comparing the two sets of input param-
eters, it can be found that the input φ is relatively different.
Thus, φ is the main reason for the different results, which is
consistent with the sensitivity analysis results of strength
parameters.

In addition, results of the wetting-drying cycles test, includ-
ing the fitted model, can characterize the degradation of soil
strength parameters, to a certain extent. The test has artificially
produced the alternating process, reducing the time needed
naturally via a more intense cycle than the actual one.
Therefore, in the purpose of achieving a more accurate assess-
ment and avoiding the errors caused by the single test, further
more tests are needed to determine the strength parameters
and weakening law at different positions.

Conclusions

The repeated fluctuations of reservoir water level have formed
a representative hydro-fluctuation belt in the TGRA. The slid-
ing zone soils in this belt experience alternating wetting-
drying cycles under the periodic reservoir operations, leading
to a degradation in its strength. The Huangtupo Riverside
Slump 1#, a typical reservoir landslide with double sliding
zones, is selected as the research object, and the following
conclusions are reached in this study:

(1) The wetting-drying cycles test can well reflect the influ-
ence of the repeated reservoir operations on the sliding
zone soils. The strength parameters gradually decrease
with the continuous wetting-drying cycles, and an expo-
nential function with clear physical and mathematical
meanings is proposed to fit the degradation. The fitting
achieves satisfactory results, and the proposed weaken-
ing model has the potential to be expanded by more tests
to achieve a broad application in the reservoir area.

(2) The weakening of the sliding zone soils in the hydro-
fluctuation belt has an adverse effect on the stability of
the landslide. The shallow sliding surface presents a
higher local failure probability, which reflects a stronger
response to the long-term reservoir operations. The pri-
mary reason behind this result is that the area of the
hydro-fluctuation belt where the shallow sliding surface
located is greater than that of the deep sliding surface.

(3) The sensitivity of the landslide response to strength pa-
rameters is different, and φ is much greater than c. When
φ decreases, the local failure probability increases dra-
matically, which means that the weakening of φ plays a
growing role on the stability. On the other hand, c has

little effect on the local failure probability, showing an
approximately linear relationship with low slope.

(4) The area of the hydro-fluctuation belt directly affects the
stability of the landslide, which should be paid more
attention to guide the scheduling of reservoir water level.
The methods of dividing the weakening area by the
hydro-fluctuation belt and simulating the repeated reser-
voir operations by the wetting-drying cycles test provide
an insightful idea for analyzing the long-term stability of
reservoir landslides in the TGRA.

(5) It would be wise to complete the landslide instrumenta-
tion by monitoring the water content of the soils at the
level of the failure surfaces, according to the piezometric
levels. This could only be done through boring and sam-
pling for different piezometric levels in the landslide in
response to fluctuations in the level of the reservoir.
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