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Reservoir landslide is a type of commonly seen geological hazards in reservoir area and could potentially cause significant risk to the
routine operation of reservoir and hydropower station. It has been accepted that reservoir landslides are mainly induced by periodic
variations of reservoir water level during the impoundment and drawdown process. In this study, to better understand the
deformation characters and controlling factors of the reservoir landslide, a multiparameter-based monitoring program was
conducted on a reservoir landslide—the Hongyanzi landslide located in Pubugou reservoir area in the southwest of China. The
results indicated that significant deformation occurred to the landslide during the drawdown period; otherwise, the landslide
remained stable. The major reason of reservoir landslide deformation is the generation of seepage water pressure caused by the
rapidly growing water level difference inside and outside of the slope. The influences of precipitation and earthquake on the
slope deformation of the Hongyanzi landslide were insignificant.

1. Introduction

Landslide induced by reservoir impoundment and draw-
down is a commonly seen geological hazard in reservoir
area and has caused significant impacts and damages on
the operation and function of hydropower stations all over
the world. Historical statistics show that in general, over
90% of reservoir-induced landslides are caused by the fluc-
tuations of reservoir water level, and approximately 50%
occurred during the period of impoundment [1–4]. More
than 80% occurred during the first 3 to 5 years after the
construction of the dam [1]. Regarding the influences of
reservoir water level fluctuation, 40% occurred with the
declination of reservoir water level [2, 3]. The large land-
slides of the sizes greater than ten million cubic meters
were normally triggered by the rapid declination of the res-
ervoir water level. Also, approximately 75% of triggered
landslides were due to the revivification of ancient landslides

[5]. In summary, the significant and instant reservoir water
level fluctuations normally cause negative influences on
the global stability of the reservoir slopes through influenc-
ing their hydrological conditions and reducing the slope
strength [6].

The failure mechanisms and resulted chain of disasters
(such as the impulse of wave) by reservoir landslides have
been extensively studied in previous studies [5–7]. Erosions
of loose debris at the slope toe by flow, instant pore water
pressure generation in the slope by the drawdown of reser-
voir water level, and structural and strength reduction of
the hydrofluctuation belt are the main reasons of triggering
reservoir landslides [1, 4–6]. By conducting numerical analy-
sis [6, 7], the risk management of potential impulse wave by
the slope movement also draws more attentions. The major-
ity of these researchers are intent to provide a complete over-
view/analysis on the whole process of the disaster chain,
including the deformation triggering of the landslide to the
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generation of impulse wave, as well as the resulted potential
hazard to the properties in the reservoir or on the opposite
bank [2, 3]. The full-process analysis offers valuable insights
into the planning of prevention, control of geological haz-
ards, and guidance on estimation of landslide-generated
impulse waves in reservoirs.

Studies [7, 8] on reservoir landslide deformation charac-
ters indicated that the global deformation always started at
the front part of the slope and mainly composed of the defor-
mation of the slip band. The potential negative influences
caused by the reservoir-induced landslides mainly include
two aspects: (1) the significant reduction of reservoir storage
capacity and water conservancy facilities operation due to the
entrance of sliding material into reservoirs; (2) the formation
of impulsive waves induced by sliding materials reaching the
reservoir water with large dynamic energy and cause signifi-
cant safety issues on the dam and the operation of hydro-
power stations [7, 9, 10].

The slope monitoring technology developed rapidly over
the past several decades. At the beginning of 21th century,
the optical fiber monitoring system became more extensively
used, and advancements of higher accuracy, greater speed,
and higher automation in monitoring technology have
occurred. Meanwhile, one of the important problems to be
solved is to improve the coordination and integration of the
monitoring system of involving different types of monitoring
devices for various monitoring parameters. Currently, the
data communication and compatibility of the data process-
ing software for comprehensive slope dynamic performance
is a major research issue.

Therefore, it is important in theory and engineering
practice to study the impact and casual correlations among
reservoir water level fluctuation, hydrodynamic, and defor-
mation characters of reservoir landsides. Conducting the
comprehensive monitoring program on reservoir landslides
is the key issue of obtaining the in situ data, which set the
basis for conducting the more comprehensive analysis and
simulations. The periodic geological inspections are recom-
mended to monitor the deformation and hydrogeological
condition of the slope during the process of reservoir water
level fluctuation [4, 11].

In this paper, a multiparameter monitoring program was
conducted to record the change of ground water level, surface
deformation, and deep-seated displacement at various loca-
tions on the Hongyanzi landslide, located in Pubugou
Hydropower Station reservoir area, Sichuan province, South-
west China, during the period of reservoir impoundment and
drawdown from 2013 to 2014.

Based on the measurements, the temporal correlations
among reservoir water level fluctuation, slope groundwater
level, surface displacements, crack propagations, and deep-
seated displacement are interpreted. The preliminary recom-
mendations are made to help control the negative influences
of reservoir water level fluctuation on the slope stability of
reservoir landslides. The findings presented in this paper
could also offer the valuable insights into the planning of pre-
vention and control of geological hazards in the Pubugou
Hydropower Station reservoir area and relevant studies on
reservoir induced landslides in the world.

2. Overview of the Hongyanzi Landslide

The Hongyanzi landslide is located in the right bank of
the Dadu River, a secondary tributary of the Yangtze River
in Hanyuan County, Sichuan province in the Southwest of
China (Figure 1). It is 23 km away from the Pubugou
Hydropower Station in the downstream region. According
to the previous investigations, the overall slope of the
Hongyanzi landslide is 27 degrees. The slope magnitude var-
ies significantly along the surface the landslide from the scarp
to the toe.

The plan view of the Hongyanzi landslide is approxi-
mately semicircular (Figure 2). The sliding direction is
340 degrees. The elevation of the slope toe and back-scarp
is 810m and 954m, respectively, and the overall elevation
difference between the toe and the slope is approximately
150m. The total length and width are 600 and 580m,
respectively [10].

Prior to the installations of monitoring devices, the large
deformations have occurred to both left and right bound-
aries, and the magnitude reached 1.7m and 1.5m, respec-
tively, due to the reservoir water fluctuation during the
same period. According to the in situ investigation [10], the
thickness of sliding material is nonuniform, and the thick-
ness varies from 20 to 50m over the entire slope area. Since
the Hongyanzi landslide is an ancient landslide, the thickness
of sliding material in the front is greater than that in the rear.
Geomorphologically, the plain area of Hongyanzi landslide is

Hanyuan county

Dadu river

Hongyanzi landslide

Pubugou hydropower station

Figure 1: Location map of the Hongyanzi landslide (source: Google
Earth).

Figure 2: 3D view of the Hongyanzi landslide.
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about 1.80× 105m2, and the total volume is approximately
7.7 million m3. The sliding surface is flatter in the front and
steeper in the rear, and slope difference is about 20 degrees
[10]. Due to the large distortions occurred to the pavements
on the slope, the boundary of the Hongyanzi landslide can
be easily identified in the field.

Based on field investigation, the Hongyanzi landslide is
an ancient accumulation landslide (Figure 3), and the sliding
material is mainly composed of the quaternary silty clay, cob-
ble, or gravel, and the stones of diameter from 1 to 3 meters
can be observed locally. The primary composition of cobble
and gravel is limestone with a densely compact structure.
The stratum of sliding bed is Jurassic reddish sandstone in
the footwall of Hanyuan-Zhaojue fault and Permian lime-
stone in hanging wall of the fault [10].

The hydrogeological condition of the Hongyanzi land-
slide is relatively simple. The groundwater is mainly the pore
phreatic water in loose rock mass, and the major supply is
atmospheric precipitation. The Hongyanzi landslide faces
the Dadu River in the north and gullies in the east and west.
The steep topography and large elevation differences from
the scarp to the toe provide a great potential for groundwater
to discharge into the Dadu River. During the operation of
the Pubugou Hydropower Station, the reservoir water level
varied from 790m to 850m, and the range of water-level-
fluctuating zone was approximately 60m. The fluctuation
of reservoir water level had a vital impact on the ground
water table of the reservoir bank slopes.

Based on the historical records [10], the Hongyanzi
landslide remained stable before the construction of the
hydropower station. After the impoundment, large deforma-
tion occurred to the Hongyanzi landslide during the decli-
nation period of the reservoir water level. The impoundment
and power generation started on June and November
2010, respectively. In February 2011, after 8 months of

impoundment, large deformations occurred to the Hon-
gyanzi landslide and the accumulated downward deforma-
tion reached up to 1m by the end of 2011 depending on
the local topography. Simultaneous deformation continued
to occur with the declination of reservoir water level in
2012. From 2013 to 2014, the maximum deformation
reached to 2.7 meters, and the accumulated deformation
since the beginning of hydropower station operation is more
than 4 meters. The majority of the deformations occurred
during the declination of the reservoir water level, and no
large deformations were observed when the reservoir water
level remains stable or increases. Similar observations were
also made by previous studies [12–18]. Due to the extensive
deformation of the Hongyanzi landslide, a multiparameter
monitoring program was conducted on the Hongyanzi
landslide to advance the understanding on the deformation
characters and its major influencing factors.

3. The Multiparameter Monitoring

Since 2012, various monitoring equipment (Figure 4 and
Table 1) were employed to conduct a continuous monitoring
program on the simultaneous developments of surface
deformation, deep-seated deformation, ground water table
in the slope, crack propagations on the left and right bound-
aries, and the atmospheric precipitations. Reservoir level was
measured by the water gauge. The distribution of the
installed monitoring devices is shown in Figure 4. The mon-
itoring program started in January 2013, and this study
mainly focuses on the monitoring data received prior to
December 2014.

3.1. Slope Ground Water Table. As shown in Figure 5, a
strong correlation exists between slope water level in ZK-5-
w and reservoir water level. The reservoir water level declined
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Figure 3: Main geological profile of the Hongyanzi landslide.
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gradually from January to April 2013 from 850m to 792m.
Meanwhile, the slope water level measured in ZK-5-w also
decreased from 853m to 825m. In May, the reservoir water
level started rising and reached 842m in July. At the same
time, the slope water level returned to 846m. In August, the
reservoir water level decreased from 842m to 819m, and
the slope water level also decreased from 847m to 834
accordingly. During the initial of the drawdown period, the
declination rate of the slope water level is roughly the same
with the value of reservoir water level. However, when the
reservoir water level declined with increased speed, the decli-
nation of slope water level lags behind.

3.2. Surface Displacement. Four GPS monitoring stations
were installed on the slope surface, and the measuring
results showed that large slope deformations, which mainly

occurred to from March to June, were captured from 2013
to 2014. The directions of the horizontal displacements mea-
sured by GPS-1, GPS-2, and GPS-3 that were located in the
mid to front of the slope were approximately the same
(NW 22 to 24 degrees). The magnitude of displacements also
increased from left to the right on the slope. The maximum
horizontal and vertical displacement was 2690mm (GPS-1)
and 760mm (GPS-3), respectively. GPS-4 was located near
a steep scarp in the midrear part of the slope. Therefore,
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Figure 4: Distribution of monitoring devices on Hongyanzi landslide.

Table 1: Monitoring devices employed in this study.

Device ID Measuring data and installed location

GPS-1 Surface displacement (on the right of the center)

GPS-2 Surface displacement (middle part of landslide)

GPS-3 Surface displacement (on the left of the center)

GPS-4 Surface displacement (near the scarp)

LF-1 Surface crack propagation (on the right boundary)

LF-2 Surface crack propagation (on the left boundary)

ZK-5-d Deep-seated displacement (middle part of landslide)

ZK-5-w Ground water table (middle part of landslide)

Ground water level
Reservoir water level
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Figure 5: Reservoir water level versus ground water level.
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due to the influence of microtopography on the measure-
ments, the deformation characters captured by GPS-4 were
different from the other three stations. The direction of hor-
izontal displacement at GPS-4 was NW 16 degrees, and the
horizontal and vertical displacements were measured to be
1780mm and 2000mm, respectively.

Crack propagations were also monitored on the east and
west boundaries of the Hongyanzi landslide. From January to
July 2013, especially from April to July 2013, the crack devel-
opment (LF-1) on the east boundary was significant, and the
magnitude reached 1400mm. On the contrast, crack propa-
gated (LF-2) much lower on the west boundary, and the mag-
nitude reached only 180mm. Above measurements received
good agreements with the surface displacements measured
by GPS receivers, which clearly showed that the surface
compression and tension occurred on the west and east
boundaries, respectively. Also, the recording on both bound-
aries showed a consistent temporal correlation with surface
displacement recorded by GPS stations.

3.3. Deep-Seated Displacement. The measuring depths for
deep-seated displacement at ZK-7-d are 18m, 26m, and
31m. Figure 6 shows that small magnitude of deformation
of less than 5mm occurred at a depth of 31m, and the defor-
mations at the depths of 18m and 26m were much larger.
This could provide a good support for determining the eleva-
tion of sliding surface and volume of sliding material. Similar
to the surface displacement and ground water table, a clear
and consistent temporal correlation exists between the
deep-seated displacement and fluctuation of reservoir water
level as shown in Figure 7. Similar to the occurrence time
of surficial deformation, the large deep-seated displacement
started to increase in ZK-7-d from March to May.

3.4. Precipitation. According to the precipitation record at
the Hongyanzi landslide, the average annual precipitation is
approximately 400mm and mainly concentrates from May
to August, as shown in Figure 8. Based on the correlations

among the 1-day precipitation (Figure 9), 3-day accumula-
tive precipitation (Figure 10), and slope deformation, it
was found that significant deformation occurred during
the period from March to April while no intensive precipita-
tion was observed. In June, however, no large deformation
was captured while intensive precipitation was recorded.
Therefore, based on the above observations, the influence of
rainfall on the development of landslide deformation could
be fairly insignificant. Additional monitoring is being con-
ducted currently to further analyze the influence of precipita-
tion on the Hongyanzi landslide deformation.

3.5. Influence of Earthquake Events on Deformation of
Hongyanzi Landslide.OnApril 20, 2013, an earthquake event
of magnitude 7.0 hit the Lushan country, Sichuan province,
and the distance from Hongyanzi landslide to the epicenter
is about 100 km and the magnitude of intensity is VI. The
recorded peak acceleration by the seismic station closest to
Hongyanzi landslide was 0.4g. A postearthquake field inves-
tigation was conducted, and the deformations on the bound-
aries were found larger than the routine deformation
magnitudes induced by reservoir water fluctuations. The sur-
face distortions of 50mm and 10mm were observed on the
right and left boundaries, respectively. No obvious increases
in the surface and deep-seated displacements were recorded
by the monitoring devices.

4. Influence of Reservoir Water Level
Fluctuation on Slope Stability

As shown in Figure 11, the primary deformations occurred
during the drawdown period from March to April, especially
when the declination rate was large. Other than that, no
deformation was recorded during the impoundment period.
Among the GPS measuring stations, the maximum deforma-
tion recorded by GPS-1 was the greatest and the magnitude
reached 1823mm in 2013, of which 1526mm occurred from
March to April. Meanwhile, the reservoir water level declined
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to 35.9m. The overall deformation occurred in 2014 was
approximately 932mm, of which 730mm occurred from
March to April. Meanwhile, the reservoir water level declined
to 30.6m. The similar correlation between reservoir water

level and slope deformations was captured by the other
GPS stations.

Based on the correlation between the magnitude of daily
drawdown of reservoir water level and the slope deformation
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captured by GPS station (Figures 12 and 13), the deformation
was insignificant from January to February when the draw-
down rate was less than 0.5m/day. From March to April,

the drawdown rate increased rapidly, and the magnitude
exceeded 0.5m/d. Meanwhile, significant slope deformations
were captured by all GPS measuring positions, and the
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deformation rate showed an acceleration trend in an overall
stable condition. From March 22 to 24 and April 13 to 14,
the drawdown rate magnitude of reservoir water level
decreased slightly, and also the deformation rate at all GPS
measuring positions showed the declined trend.

From May, the reservoir water level started to rise,
and daily rate of deformation deceased rapidly accord-
ingly. After June, the deformation measurements at all GPS
stations became stable gradually. Therefore, the deforma-
tion of the Hongyanzi landslide is related to the draw-
down rate of Pubugou reservoir water level, and the
magnitude of 0.5m/day can be regarded as critical value
based on the correlation between the slope deformation
and drawdown magnitude.

A groundwater gauge was installed at ZK-5 to capture
the correlation between the magnitude of water level dif-
ference (slope ground water minus reservoir water level)
and deformation measurements. As seen from the correla-
tion in Figure 14, before February 2013, the water level
difference remains stable with slight increases, and simi-
larly, during the same period, the slope deformation was

also insignificant; from the beginning of February to the
mid of March, with the increase of water level difference
inside and outside the slope, the slope deformations mea-
sured at all GPS positions increased; after the mid of March,
significant increase occurred to all the measurements when
the water level difference was approximately 10m. Therefore,
the increased water level difference between slope ground
water level and reservoir water level has significant influence
on the slope deformation.

The recordings indicated deformation mechanism that
the rapid declination of reservoir water level increased the
hydraulic gradient of groundwater and seepage in the slope,
which further change the pore water pressure, decrease effec-
tive strength, and reduce the slope stability by decreasing the
buoyant force acting on the slope.

To further quantify the influence of controlling factors
on slope deformation, the SPSS software was utilized to
conduct the correlation analysis among slope groundwater
level, surface displacement (measured at GPS-2), reservoir
water level, and precipitation. The results indicated that the
difference between slope groundwater level and reservoir
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water level showed the most statistical importance to the
slope surface displacement (correlation coefficient = 0.926)
and followed by reservoir water table (coefficient = 0.785).
The correlation between precipitation and slope surface dis-
placement is the lowest.

Based on the correlation between slope daily deformation
and water level difference, a good consistency between can be
observed. When the water head level difference was less than
7m, the slope remained approximately stable and the defor-
mation magnitude was insignificant. When the water level
difference exceeded 7m, the slope deformation also increased
with the increases of water level difference, and the result can
be fitted with quadratic function with determination of coef-
ficient of 0.91.

Based on the above analysis, the major triggering mecha-
nism of deformation is the rapid drawdown of reservoir
water level, which caused the insufficient drainage of the

water in the slope and increased water level difference inside
and outside the slope. The increased water level difference
inside and outside the slope also leads the increase of seepage
force. Then the seepage force reaches the threshold value; the
slope deformation would be triggered.

4.1. Slope Model Establishment. Based on the field survey
data, the two dimensional model of the Hongyanzi landslide
was produced and the dimensions of the model is
670× 210m (in Figure 15). The base of the model was set
as impermeable, and the left boundary was set to the fixed
water head level of 850m. When calculating the slope stabil-
ity during the drawdown period, the right boundary above
the reservoir water level is set as the zero flux. Below the res-
ervoir water level, it was set as flexible flux boundary, and the
water head equalled to the reservoir water level. When calcu-
lating the slope stability during the rise of the reservoir water
level, the right boundary above 845m is set as zero flux, and
below 845m was set as flexible flux, which the water head
level equalled to the reservoir water level. The surface of the
slope was set as the boundary of fixed flow, and the magni-
tude was set to be the amount of precipitation. The entire
model consists of 1031 nodes and 990 meshes.

4.2. Parameters. According to the field investigation results,
the major parameters used in simulation are presented in
Table 2. The parameters being used in the numerical
simulation is based on the experimental results conducted
on the soil samples obtained in the field and the average
value for each parameter was employed to eliminate the
potential errors.

The slope ground water in natural condition is above the
slip surface, and the saturated hydraulic coefficient is
assumed to be 0.45m/day; the characteristic curve between
soil and water and permeability function for the upper part
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of the slope (unsaturated) was generated using the module in
Seep/W, which was based on Fredlund-Xing theory.

4.3. Mathematical Model for Seepage Calculation of the
Unsaturated Condition. The slope seepage analysis is one of
the main issues in this study. Considering the homogeneous
formation and uniform conductivity properties in various
direction of the Hongyanzi landslide, the plane seepage the-
ory based on saturated and unsaturated soils could be consid-
ered in this analysis.

Based on Morgenstern and Fredlund’s theory, the non-
steady seepage condition always involves the variation of
flow rate, water level pressure head, and quality of flux with
time. Therefore, the following equation could be produced
based on two stress variables to calculate the volume water
content θw, and the two stress variables are normal stress
σ − ua and matric suction ua − uw .

dθw = −Pw
1 d σ − ua − Pw

2 d ua − uw 1

In the equation, σ is the total pressure; ua and uw is the
pore air pressure and pore water pressure, respectively; Pw

1
and Pw

2 are the correlation coefficients related to σ − ua
and ua − uw for the water volume.

Within the infinite short time period, the Pw
1 and Pw

2 can
be regarded as constants in the calculation; therefore, (2) can
be rewritten as follows:

∂
∂t

θw = −Pw
1
∂
∂t

σ − ua − Pw
2
∂
∂t

ua − uw 2

Then, the mathematical expression for the nonsteady
seepage condition is

∂
∂x

kx
∂h
∂x

+ ∂
∂z

kz
∂h
∂z

= −Pw
1
∂
∂t

σ − ua

− Pw
2
∂
∂t

ua − uw

3

Considering that the pore air pressure is continuous and
constant within the infinite short time period, and no exter-
nal load was applied during the seepage condition, then,

∂σ
∂t

= 0,

∂ua
∂t

= 0
4

Therefore,

∂
∂x

kx
∂h
∂x

+ ∂
∂z

kz
∂h
∂z

= −Pw
2
∂
∂t

ua − uw , 5

where Pw
2 ∂/∂t ua − uw is the slope magnitude of the

soil-water characteristic curve.
Considering the total pressure head can be expressed as

follows:

h = y + uw
γw

,

∂y
∂t

= 0,

∂ua
∂t

= 0

6

Therefore, the total pressure head can be expressed using
uw as follows:

∂
∂x

kx
∂h
∂x

+ ∂
∂z

kz
∂h
∂z

= ρwgP
w
2
∂h
∂t

7

In conclusion, the definite conditions of the unsaturated
seepage condition can be expressed using the above mathe-
matical equations. Based on the theoretical derivations, the
correlations between the water content and matric suctions
and the hydraulic conductivity and matric suctions of the
Hongyanzi landslide can be plotted using the calculation
module in Seep/W, and the results are presented in
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Figure 15: The established model of Hongyanzi landslide (unit: m).

Table 2: Physical parameters used in numerical simulation.

Zone
Saturated hydraulic
coefficient (m/d)

Effective cohesive
force (kPa)

Internal friction
force (degree)

Dry density
(g/cm3)

Saturated density
(g/cm3)

Debris flow deposit 0.45 22 12.9 2.3 2.7

Underlying bedrock 0.001 3200 44 2.6 3.0

10 Geofluids



Figures 16 and 17, respectively. The curves show the general
characters of the soil-water characteristic and nonsaturated
permeability of the analyzed landslide.

h x, y, t =H1 x, y, t , the boundary of the pressure head is known,

Kx
∂h
∂x

cos n , x + Kz
∂h
∂z

cos n , z = q,

h x, y, t = y x, y, t ,
h x, y, t0 =H0 x, y, t0

8

4.4. Slope Stability Analysis. In this study, the slope/w
module was applied to calculate the slope stability based
on Morgenstern-Price limit equilibrium state theory.
Morgenstern-Price theory is regarded as the most compre-
hensive limit equilibrium state theory by considering the
mechanical and moment equilibrium currently [12, 14].
The method assumes the functional relationship between
the tangential and normal stress among the soil slices. The
mathematical expression of the factor of safety calculation
is as follows:

where τf is the shear strength of unsaturated soil; c′ is the
effective cohesive force of the saturated soil; φ′is the effec-
tive friction angle; φb friction angle based on the matric
suction. The value of φb can be regarded as regional value

φ and constant for saturated and nonsaturated conditions,
respectively.

And, the parameterN in above equation can be expressed
as follows:

where W is the weight of soil slice; XL and XR are the shear
stress applied on the soil slices on the left and right bound-
aries, respectively; r is the radius of slicing surface; Smi is
the antisliding force on the base on the soil slice; θi is the
angle between the tangent line of the soil slice base center
and horizontal line.

A two-dimensional landslide stability analysis was con-
ducted using the Geostudio software. The analytical module
Seep/W was used to analyse the slope seepage condition
changing with the fluctuations of reservoir water level and
precipitation, and the slope ground water table, pore water
pressure, and water head distribution of the seepage condi-
tion could be generated; then, apply the simulation results
of seepage analysis into the slope stability analysis by the slice
method using the module Slope/W, and the slope stability
under different fluctuation rate of reservoir water level can
be produced.

4.5. Numerical Simulation Verification. In this simulation,
the monitoring data of the reservoir water level fluctuations
and precipitation was used as input, and the results, as
shown in Figure 18, indicated that the simulated slope
ground water level of ZK-5 is approximately the same with
the monitoring data, which provide good support for the
set of the boundary conditions and parameters of the
numerical simulation.

4.6. Landslide Slope Stability Analysis. Based on the simula-
tion results, the Hongyanzi landslide remained stable under
the condition without impounding, and the safety of factor
is calculated to be 1.22 approximately (in Figure 19).

To understand the influence of reservoir water level fluc-
tuations on slope stability, numerical simulation was con-
ducted to calculate the slope stability when the fluctuation
rate of reservoir water level equals from 0.1 to 0.7m/day.
The results show that during the impounding period, the
slope ground water and pore pressure increased accordingly.
A greater rising rate of reservoir water level could lead to the
increased pore water pressure within a fixed time, which
would further reduce the slope stability. When the rising rate
equals to 0.7m/d, the slope safety factor becomes 1.1 and
the slope remains stable. During the drawdown period,
when the drawdown rate of reservoir water level gradually
increased, the slope ground water may not be dissipated
sufficiently, which would lead to an increased water level
difference and reduced slope stability. At the drawdown
rate of 0.7m/d, the minimum safety factor of the slope is
0.995 based on calculation results (Table 3).

As shown in Figure 20, when the drawdown rate of the
reservoir water level equals to 0.1 and 0.3m/d, the safety fac-
tor of the Hongyanzi landslide increased gradually after a
slightly increasing trend. When the drawdown rate exceeded
0.4m/d, the slope stability continued decreasing. The major

Fs =
〠 c′li + N − uwli tan φb/tan φ′ − uali 1 − tan φb/tan φ′ tan φ′

〠Wi sin θi
, 9

N =
W − XR − XL − c′li sin θi/Fs + uwli sin θi tan ∅b/Fs

Pθi
, Pθi = cos θi +

sin θi tan ∅i′
Fs

10
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reason is that when the drawdown rate of the reservoir water
level is fairly low, the stability was reduced due to the
increased seepage force. On the other hand, the drawdown
of reservoir water level caused the reduction of slope weight,
which could increase the slope stability. When the drawdown
rate is fairly large, the influences of seepage force play signif-
icant and negative impact on the slope stability.

When the drawdown rate of reservoir water level equals
to 0.1 to 0.4m/d, the slope safety factor is greater than 1.05,
and the slope remains stable; when the rate increased to be
0.5m/d from 0.4m/d, the slope safety factor reduced rapidly.
The monitoring stations also indicated that when the draw-
down rate of reservoir water exceeded 0.5m/d, the slope
deformation increased significantly.

The saturated hydraulic coefficient of Hongyanzi land-
slide is 0.45m/d, between 0.4m/d and 0.5m/d. Based on
the initial analysis, when the drawdown rate of reservoir
water level is greater than the saturate hydraulic conduc-
tivity of the slope, the increase of water level difference
and seepage pressure would lead to the reduction of slope
stability. On the contrast, when the declination rate of res-
ervoir water level is lower than the slope hydraulic con-
ductivity, the influence of reservoir water level decline is
fairly limited to the slope stability.
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Figure 16: Soil-water characteristic curve of the Hongyanzi
landslide.
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Figure 17: Nonsaturated permeability curve of the Hongyanzi
landslide.

Reservoir water level
Monitoring water level
Simulated water level

780

790

800

810

820

830

840

850

860

W
at

er
 le

ve
l (

m
)

2013/2/1 2013/3/1 2013/4/1 2013/5/1 2013/6/12013/1/1

Figure 18: Comparison between simulated and monitored slope
water level.

El
ev

at
io

n 
(m

)

Distance (m)

Slipping surface

990
940
890
840
790
740

0 100 200 300 400 500 600 700

1.224

Figure 19: The stability calculation results without impounding of
the reservoir water level (unit: m).

Table 3: The calculation results of FOS during the rise and decline
of the reservoir water level.

Rate of fluctuation 0.1m/d 0.3m/d 0.4m/d 0.5m/d 0.7m/d

Rising period 1.180 1.169 1.156 1.119 1.105

Decline period 1.119 1.091 1.077 1.013 0.0995
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5. Conclusions

By conducting the multiparameter monitoring program on a
reservoir landslide—the Hongyanzi landslide, the controlling
factors of slope deformation were analysed and safety factor
was calculated when the slope was hypothetically subjected
to different rising rate of reservoir water level. The major
conclusions are listed as below:

(1) The Hongyanzi landslide was more prone to defor-
mation during the rapid reservoir water level declina-
tion period, and otherwise, the slope remained stable.
The slope deformation was insignificant under the
intensive rainfall and earthquake conditions (e.g.,
Lushan earthquake) based on the captured data as
presented in this study. It is recommended to con-
duct further monitoring on the influence of intensive
rainfall and earthquake loadings on the deformation
of the Hongyanzi landslide for further analysis.

(2) The primary triggering mechanism of slope deforma-
tion is due to the increased seepage force generated
by the increasing water level difference inside and
outside the slope during the rapid declination of the
reservoir water level. Roughly, there was a quadratic
function relationship between the magnitude of slope
water level difference and slope deformation.

(3) The declination rate of reservoir water level has a vital
impact on slope stability. The increasing of declina-
tion rate would lead to the decreased slope stability.
When the declination rate exceeded 0.7m/day, the
slope stability factor would become less than 1.

(4) The major characters of slope monitoring technology
system are automation, wireless sensing, distributed
arrangement, and high accuracy. It is anticipated that
the multiparameter-based monitoring as used in this

study can be helpful to improve the coordination and
integration of slope monitoring system.
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