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Abstract: The deformation and failure mechanisms of historical landslides, characterized with
different types of bedrock surface shapes which are known to have been induced by rainfall and
reservoir water fluctuations, is an important issue currently being addressed by many researchers.
The Zhaoshuling Landslide of the Three Gorges Reservoir Region, which was characterized with a
chair-shaped bedrock surface under rainfall and reservoir water fluctuation conditions, was selected
as an example in this study’s physical modeling process. The results of different parameters, including
the displacements, pore water pressure, and total soil pressure during the landslide event, revealed
that the Zhaoshuling Landslide with a chair-shaped bedrock surface had been extremely sensitive to
heavy rainfall coupled with the rapid lowering of the water levels. Then, based on the data analysis
results of the monitoring of the rainfall and groundwater levels, as well as the reservoir water levels,
a conceptual model was put forward to explain the failure mechanisms. It was believed that the
chair-shaped bedrock at the toe of the slope had been subjected to a localized zone of high transient
pore water pressure, which had significantly adverse effects on the mechanisms of the slope stability.

Keywords: physical modeling; chair-shaped bedrock surface; pore water pressure; rainfall; reservoir
water fluctuation conditions

1. Introduction

China’s Three Gorges Region covers 193 km of the middle reaches of the Yangtze River
between Fengjie in Chongqing City and Yichang in Hubei Province (as shown in Figure 1).
Due to the steep valley-side slopes and long periods of river incision, a large number of
landslides have been formed in the Three Gorges Reservoir area, of which more than 90%
have been reactivated ancient landslides [1,2]. The Qianjiangping Landslide, which is a
famous historical landslide, was reactivated at first by tentative impoundment combined
with heavy rainfall and collapsed on July 14th of 2003. This disaster event resulted in
major losses of lives and property [3–5]. The Liangshuijing Landslide in Yunyang, which
is another ancient landslide, had also displayed intensified deformations in April of 2009,
threatening many households located on the sliding body, as well as the shipping processes
of the Yangtze River [6–8]. In order to prevent such tragedies and danger risks in the future,
examinations of the potential revivals of ancient landslides in reservoir areas have received
increasing attention in the field of engineering geology and geotechnical mechanics.

At the present time, the revival factors of historical landslides in the Three Gorges
Reservoir area have mainly focused on the external inducing factors and the internal
controlling factors. The rise and fall of reservoir water and rainfall levels are considered
to be the most important inducing factors for the reactivations of ancient landslides in the
reservoir area. The groundwater seepage and dynamic changes of groundwater levels
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resulting from the rise and fall of reservoir water levels are of particular concern. The
fluctuations in water levels tend to change the physical and mechanical properties of a
region, as well as the stress state and stability of the slope material [9–13]. In addition, such
internal controlling factors as topography, lithology, permeability, and material composition
also play vital roles in the stability of an area prone to landslide events [5,14–16].

Water 2022, 14, x FOR PEER REVIEW 2 of 23 
 

 

 
Figure 1. Engineering geological map of the Zhaoshuling Landslide. 

At the present time, the revival factors of historical landslides in the Three Gorges 
Reservoir area have mainly focused on the external inducing factors and the internal con-
trolling factors. The rise and fall of reservoir water and rainfall levels are considered to be 
the most important inducing factors for the reactivations of ancient landslides in the res-
ervoir area. The groundwater seepage and dynamic changes of groundwater levels result-
ing from the rise and fall of reservoir water levels are of particular concern. The fluctua-
tions in water levels tend to change the physical and mechanical properties of a region, as 
well as the stress state and stability of the slope material [9–13]. In addition, such internal 
controlling factors as topography, lithology, permeability, and material composition also 
play vital roles in the stability of an area prone to landslide events [5,14–16]. 

However, the majority of the previous studies have focused on the inducing factors, 
which may only provide limited information regarding the complicacy of the phenomena. 
However, the internal controlling factors, particularly the characteristics of the bedrock 
surfaces, are known to be the most important factors impacting the stability of landslide 
prone areas. This study found that the available technical reports backed up the theories 
that the different positions and shapes of the bedrock surfaces will lead to different defor-
mation mechanisms of the landslides, along with the magnitude and distribution of pore 
pressure and stress in sliding bodies [13,17–20]. Therefore, considering the various types 
of reservoir landslides, integrated models of rainfall and water level variation conditions, 
bedrock surface shapes, internal action mechanisms, and the stability levels of landslide 
deformations with reservoir water level changes over time should be further investigated. 

Various physical model experiments have been conducted under laboratory condi-
tions, and the experimental results have been extensively applied to explore the features, 
stability, and evolution of landslides. Such investigations have provided improved insight 
into the failure modes and mechanisms related to the changes of different factors [21–24]. 

Figure 1. Engineering geological map of the Zhaoshuling Landslide.

However, the majority of the previous studies have focused on the inducing factors,
which may only provide limited information regarding the complicacy of the phenomena.
However, the internal controlling factors, particularly the characteristics of the bedrock
surfaces, are known to be the most important factors impacting the stability of landslide
prone areas. This study found that the available technical reports backed up the theories
that the different positions and shapes of the bedrock surfaces will lead to different defor-
mation mechanisms of the landslides, along with the magnitude and distribution of pore
pressure and stress in sliding bodies [13,17–20]. Therefore, considering the various types
of reservoir landslides, integrated models of rainfall and water level variation conditions,
bedrock surface shapes, internal action mechanisms, and the stability levels of landslide
deformations with reservoir water level changes over time should be further investigated.

Various physical model experiments have been conducted under laboratory condi-
tions, and the experimental results have been extensively applied to explore the features,
stability, and evolution of landslides. Such investigations have provided improved insight
into the failure modes and mechanisms related to the changes of different factors [21–24].
Subsequently, the similarities between the laboratory results and field observations were in-
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vestigated using the law of similitude, which has been employed extensively to investigate
the fundamental principles of landslide movements [25–27].

In the present study, physical modeling was performed in order to examine the effects
of chair-shaped bedrock surfaces on the reactivation of an ancient landslide under rainfall
and reservoir water fluctuation conditions. The Zhaoshuling Landslide of Badong County
was selected as the target of an interest. The pore water pressure, total soil pressure,
and the landslide processes were obtained using experimental processes by analyzing
the monitoring data of multiple systems. The obtained results improved the current
understanding regarding the deformation characteristics and failure mechanisms of ancient
landslides with chair-shaped bedrock surfaces under the conditions of rainfall and reservoir
water fluctuations. The findings of this study provide an important basis for the prevention
and mitigation of landslides in the reservoir areas.

2. Engineering Geology of the Zhaoshuling Landslide

Badong Town is a new residential area for immigrants in the Three Gorges Reservoir
Region. It is located on the southern side of the Yangtze River. Many giant ancient landslide
sites are located in this area, including the Zhaoshuling Landslide investigated in this
study (as shown in Figure 1). The Zhaoshuling Landslide was characterized by a long
strip shape and occurred on the right bank of the Yangtze River, approximately 6 km west
of Badong County (as shown in Figure 2). Several deformation monitoring and stability
analyses have been performed during the last several years for the purpose of studying
the development of landslide deformations [28–35]. It was determined that based on the
engineering geological survey results, the landslide’s front has an elevation of 60 m and is
submerged under the Yangtze River. In addition, the landslide’s rear area has an elevation
of approximately 460 m, and the two lateral sides are seated on a gully and a local fault,
respectively. The landslide’s length is 1260 m and its width had been determined to be
570 m. The total planar area measures 61.2 × 104 m2. Furthermore, based on the buried
depths of the slide area revealed by drilled boreholes, along with the planar distribution
of the landslide, it has been confirmed that the Zhaoshuling Landslide’s volume was
approximately 3600 × 104 m3.
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The landslide event was in the shape of a broken line with a slope angle varying
between 25◦ and 40◦. Three gently sloped platforms with elevations of 150 to 200 m, 350
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to 425 m, and 475 to 500 m, respectively, can be observed along the longitudinal direction.
Figure 1 provides a landscape photograph of the Zhaoshuling Landslide area, as well as
the locations of exploratory boreholes. The highest platform is located at the rear of the
landslide area with a slope angle of 10◦ to 15◦. The lower platform is located in the front of
the landslide with a slope angle of 10◦ to 20◦. Figures 2 and 3 present the plan and sectional
views of the Zhaoshuling Landslide engineering geological conditions, respectively.
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Figure 3. Engineering geological cross-section of the Zhaoshuling Landslide (C-C’).

The structural features in the study area were found to be characterized by an E–W
trending of multiple folds, as well as a series of reverse faults. The major feature among
the fold structures was the Guandukou Syncline, in which the fold axis was observed
to strike in a nearly E–W direction and axial trace extended along the southern bank of
the Yangtze River. The syncline had manifested as an iso-thick symmetrical fold in the
section. In addition, many asymmetrical secondary interlayer folds existed on the two
flanks of the syncline, which were found to be mainly developed in the soft formations
of the T2b3 strata. In regard to the E–W trending reversed faults, the bedding faults or
bedding shear zones were observed to be developed following a pattern of E–W folds
due to extensive deformational forces. Additionally, along with the above-mentioned
fault features, there were also well-developed conjugate joint systems, fracture zones, and
various joints observed, as well as many other structural indications, such as gravitational
creep-slippage and so on.

The Zhaoshuling Landslide moves along the interfaces of the T2b2 and T2b3 strata.
The material of the sliding mass mainly consists of T2b3 strata, with small amounts from the
T2b2 strata, and can be divided into two layers. The surface layer is mainly a khaki-brown
soil-rock mixture, and subsurface mainly consists of quaternary landslide accumulation
cataclastic rock masses, with most found to have retained the sequences of the original rock
with layered structures. The lithologic characteristics of the bedrock have been determined
to consist mainly of T2b2 strata with purplish-red interbedded fine-grained argillaceous
siltstone and silty mudstone. The sliding surface has been found to be composed of khaki
disintegrated rock and gravelly clay, generally with thicknesses ranging between 0.3 and
0.5 m. The surface can be observed to be chair-shaped and is basically consistent with the
relief of the local terrain.

As indicated by the results of previous studies, the slope composed of T2b3 had
easily become deformed as a result of the valley cutting and softening processes of the
groundwater and reservoir water. Those progressive deformations generally developed
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during multi-stages. The field investigation results indicated that no displacements had
occurred when the reservoir’s water levels were in the elevation range of 145 to 175 m
each year. However, the deep sliding mass was prone to failure if the slide masses with
T2b3 strata were destroyed due to the lowering of reservoir water levels. Therefore, the
interfaces of the T2b2 and T2b3 strata are considered to have been the major components of
the Zhaoshuling Landslide, and their failure mechanism and processes were explored in
this study. In order to simplify this study’s model, the deep T2b2 strata were treated as a
slide bed.

3. Experimental Apparatus and Methodology
3.1. Details of the Adopted Apparatus and Instrumentation

In the present study, a large gravity model test system was constructed, as shown
in Figure 4. The test system was manufactured and operated by the China Three Gorges
University, Key Laboratory of Geological Hazards on Three Gorges Reservoir Area, and
the Ministry of Education, Yichang, China. The test system consisted of a hydraulic
control lifting system; reservoir water level control system; fixed-head water supply and
drainage system; artificial rainfall system; and an observation and data acquisition system,
as detailed in Figure 5.
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The model box size measured 8.0 m (length) × 0.8 m (width) × 3.5 m (height). The
sidewalls were smooth and transparent so that the deformations could be observed and
recorded from either side of the model box. In addition, the base and side walls of the model
box were reinforced with steel sections. The lifting system included hydraulic pressure
jacks connected to the base of the model box. The maximum specified slope angle of the
model box to the horizontal was 20◦.

The main purposes of this study’s model tests were to solve the following questions:
1. How could the Zhaoshuling Landslide event have been triggered as the result of the
rise and fall in rainfall and reservoir water levels, causing deformations and failure to
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occur; and 2. Whether or not the deformations and failure of the upper sliding body had
been affected by the undulating state of the lower sliding surface. It was believed that
the answers to the aforementioned questions could be achieved using the monitoring and
observational data of the displacements and pore water pressure levels at various locations
in this study’s model during different time periods.

Water 2022, 14, x FOR PEER REVIEW 6 of 23 
 

 

 
Figure 4. Landslide model test system. 

 
Figure 5. Geological simplified model of the Zhaoshuling Landslide event. 

The model box size measured 8.0 m (length) × 0.8 m (width) × 3.5 m (height). The 
sidewalls were smooth and transparent so that the deformations could be observed and 
recorded from either side of the model box. In addition, the base and side walls of the 
model box were reinforced with steel sections. The lifting system included hydraulic pres-
sure jacks connected to the base of the model box. The maximum specified slope angle of 
the model box to the horizontal was 20°. 

The main purposes of this study’s model tests were to solve the following questions: 
1. How could the Zhaoshuling Landslide event have been triggered as the result of the 
rise and fall in rainfall and reservoir water levels, causing deformations and failure to 
occur; and 2. Whether or not the deformations and failure of the upper sliding body had 

100 200 300 400 500 600 700 800 900 1000 1100 1200

Elevation（m）

150

200

250

300

50

100

450

500

550

600

350

400

13000

Water level of 175
Water level of 145

Steel frame

Sprinkler control

Water supply pipe

Valve

Drainage pipe

Valve

video camera

video camera

Movable water
storage tank

Water supply pipe

Valve

Sliding body

Sliding surface

Landslide bed

Figure 5. Geological simplified model of the Zhaoshuling Landslide event.

3.2. Law of Similitude

In the present research investigation, considering the size limitations of the model
box, the physical experiments were generally scaled down. The physical parameters in
the prototype-scale could be correlated with those in the model-scale using the similitude
ratios, detailed as follows:

Cq = qp/qm (1)

where Cq represents the the similitude ratio; q indicates the corresponding parameter; and
the subscripts p and m denote the prototype and the model, respectively.

During the modeling processes, the parameters involved the dimension l; density ρ;
acceleration of gravity g; cohesion c; internal friction angle φ; Young’s Modulus E; Poisson’s
Ratio µ; stress σ; strain ε; displacement u; permeability coefficient k; time t; velocity
ν; suction s; moisture content θ; rainfall intensity q; and lateral pressure p. Therefore,
following the π-Theorem, all of the aforementioned parameters that correlated with the
landslide must meet the following equation:

F(l, ρ, g, c, φ, E, µ, σ, ε, u, k, t, ν, s, θ, q, p) = 0 (2)

where φ, µ, ε, θ are the non-dimensional parameters. If the equation was complete, its
solution had a form with chosen numbers of independent scaling products (π–terms).
Therefore, by choosing l, g, ρ as the independent parameters, Equation (1) could be re-
written in terms of those three non-dimensional scaling parameters as follows:

F(π1, π2, π3) = 0 (3)

where
π1 = c

lρ

π2 = k
(lg)1/2

π3 = t
(l)1/2(g)−1/2

(4)
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Then, if the similitude ratios of Cφ, Cρ, and Cg are set equivalent to unity, the similitude
ratios of Cl , Cc, Cσ, and Cp are assigned as n, the other scaling parameters can be easily
derived as follows:

Cρ = Cg = Cφ = Cµ = Cε = 1

Cl = Cu = Cc = CE = Cσ = Cp = n

Ck = Cν = Cq = Ct =
√

n

(5)

In the current study, the Zhaoshuling Landslide was simplified into a 2D model for
the model testing process. The size of the model was scaled down to 1/400 of the full scale
of the Zhaoshuling Landslide due to the limitations of the model box.

3.3. Physical Parameters of the Model’s Similar Materials

The model testing processes were required to reproduce the characteristics of the
prototype slope, particularly for such progressive failures as the overall shear failure. The
main issue was to simulate the deformation mechanism with similar materials.

In this study, normal sand, barite powder, iron powder, glycerin, bentonite, and
ordinary Portland cement were used for the mixing of the similar materials. Among those,
the barite powder and iron powder were used to improve the apparent density. Then,
glycerol and bentonite were added binders. Ordinary Portland cement was used to improve
the water resistance of the similar materials. The slide bed was simulated using barite
powder, cement, and gypsum, along with water. The slip soil was composed of polyvinyl
chloride film material.

The physical and mechanical parameters of prototype slip slope were obtained from
the physical and mechanical tests. The parameters of the model slip mass were obtained
from the similarity theory, then the materials were created by means of the mix proportion
tests. Direct shear tests between the slide bed and the geomembrane were also conducted
in the laboratory to test the ability of these interfaces to simulate the slip soil. The results
show that the test parameters under the final ratio can meet the needs of actual landslide
model test. The physical and mechanical properties of the similar materials used in the
model tests are presented in Table 1.

Table 1. Comparison between the prototype material parameters and the model material parameters.

Parameter
Slip Mass Slip Band

Prototype Model Prototype Model

Bulk density (g/cm3) 2.6 to 2.7 2.6 - -
Young’s modulus (MPa) 1200 to 2560 5.2 - -

Poisson’s Ratio 0.28 to 0.31 0.30 - -
Cohesion (KPa) 2 to 12.2 0.02 15 0.038

Internal friction angle (◦) 32 to 35 32 30 30

3.4. Test Plan for the Large-Scaled Model Testing Processes

The slope profile and interface locations were determined prior to the backfilling by
drawing the slope model contours on the glass model box. Then, prior to placing the
soil sample into the simulation box, the glass walls were lubricated in order to reduce the
frictional effects of the sidewalls. After laying and fixing the PVC film on the sliding bed,
the mixed materials were placed in the simulation box and compacted for every 2 cm of lift
in order to achieve the target density. Then, after the compaction process was completed,
the slope was cut according to the contour line.

Throughout this study’s testing procedures, displacement meters, pore pressure sen-
sors and soil pressure sensors were set into the large-scaled models, as presented in Figure 6.
The details of the instrumentations are summarized in Table 2. All of the sensors were
placed uniformly in the toe, middle, and rear zones. However, due to the small thickness
of the sliding body in this study’s model tests, the sensors were all arranged on the sliding
surface, and the sensors in the same section were arranged in the same row. In addition, in
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order to record the effects of the sliding surface geometry on the propagation of the land-
slide, one group of sensors (No. 2) was positioned on the concave part of the chair-shaped
surface. Each instrument was calibrated prior to installation. All of the instruments inside
the slope model were installed during the placement of the mixed materials. Furthermore,
all of the electrical instruments were connected to a data-logger for the convenience of au-
tomatic data recording, and each of the entire testing processes were video-taped. Figure 7
illustrates the construction of the physical simulation models.
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Table 2. Instrumentation installed in the slope model.

Type of Instrument Measurement Quantity Measuring Range

Resistance strain pore
water pressure sensor Pore water pressure 6 0 to 50 kPa

Resistance strain soil
pressure sensor Soil pressure 6 0 to 50 kPa

Resistive
displacement meter Displacement 6 <100 mm

Flowmeter Flux 1 16 to 160 mL/min

In view of the set goals of this study’s experiments, two model tests were conducted
using different experimental processes. The testing procedures are listed in Table 3. In
accordance with the Three Gorges Reservoir operating program, the reservoir water levels
were known to fluctuate between 145 m and 175 m. Additionally, considering the similarity
relationship, the rise and fall in the water level were determined to be 4.2 mm/h, which
corresponded to a real speed of 2.0 m/d. Therefore, it was believed that the experimental
processes could accurately and realistically reflect the actual conditions.
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Figure 7. Construction of the physical simulation models: (a) Slide bed; (b) Slide surface; (c) Slide
mass; (d) Entire model.

Table 3. Testing procedures for the models.

Slope Test Objective Procedure

Model 1:
Natural

slope

To simulate
landslide

deformations
and failure

occurring with
water level
fluctuations

(1) A flow control device was used to control the flow into the
reservoir from the initial level at an elevation of 36.25 cm

(corresponding to 145 m of real elevation) to the normal level at
an elevation of 43.75 cm (corresponding to 175 m of real

elevation) during an 18 h time period. The reservoir water level
was maintained at 175 m for 1 h.

(2) The water level control valve was opened in order to
discharge water from the reservoir. Then, the water level
outside the slope model was decreased from a 43.75 cm

elevation to a 36.25 cm elevation within an 18 h period. Finally,
the water level of the reservoir at that elevation was maintained.

Model 2:
Natural

slope

To simulate the
coupling effects
of water level
fluctuations

and rainfall on
the landslide

event

(1) A flow control device was used to control the flow into the
reservoir from the initial level at an elevation of 36.25 cm to the
normal level at an elevation of 43.75 cm during an 18 h period.

The reservoir water level was maintained at 175 m for 1 h.
(2) When the water level control valve was opened, a sprinkler

device began operation at the same time, which simulated a
rainstorm with a rainfall intensity of 0.42 mm/h (corresponding
to 200 mm/d of real intensity). The control duration was set as

3.6 h (corresponding to 3 days of real time). The water level
drop rate was the same as that of Model 1, and finally the

reservoir water level was maintained at 145 m.
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4. Test Results and Observations
4.1. Pore Water Pressure and Soil Pressure Responses to Rises in Water Levels

The pore water pressure levels measured in this study by the six piezometers are
shown in Figure 8. The piezometers (labelled P-1, P-2, P-3, P-4, P-5, and P-6) were installed
at the elevations of 0.2 m (80 m), 0.3 m (120 m), 0.55 m (220 m), 0.725 m (290 m), 0.775 m
(310 m), and 1.025 m (410 m), respectively. It was observed that the pore water pressure
levels measured by the piezometers at the different elevations displayed different results
with time in response to the changes in the water levels.
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Figure 8. Pore water pressures during the rises in the water levels.

At the beginning of the experimental process, it was observed that all of the pore water
pressure sensors had displayed no responses to the rising water levels when the valve was
switched on, allowing the water flow into the slope. However, when the reservoir water
level had risen to 38.13 cm (corresponding to 152.5 m of real elevation), the P-1 piezometer
had displayed a response. Following that, the P-2 piezometer located at an elevation of
30 cm was observed to respond to the reservoir water level changes at approximately five
hours after the start of the experiment. However, there were no changes during the rising
of the reservoir water levels according to the measurement results of the P-3, P-4, P-5, and
P-6 piezometers located in the middle and rear areas of the landslide site. The pore water
pressure levels of the P-1 and P-2 piezometers were confirmed to have increased linearly
with the rising of the reservoir water levels.

Figure 9 shows the total stress values measured by the six soil pressure sensors
installed in the slope model. The changes in total soil pressure levels were in response to
the rising water levels. In addition, the slope seemed to have become more uniform as
the water levels on the slope rose. Moreover, the total soil pressure seems to have been
influenced by the water pressure levels, since the total soil pressure also increased with the
rising water levels.
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Figure 9. Soil pressure levels during the rises in the water levels.

The soil pressure sensors EP-1 and EP-2 presented a similar general trend during the
increase in water levels. For example, the total stress recorded by the EP-1 sensor increased
from an initial value of 0.32 kPa to a final value of 1.94 kPa. Additionally, there was an
incremental change of 1.62 kPa observed within 18 h following the commencement of
this study’s experiment. The total stress recorded by the EP-2 sensor increased from an
initial value of 0.62 kPa to a final value of 1.18 kPa, with an incremental change of 0.56 kPa
observed as the water level rose within the aforementioned 18 h period. However, the total
stress recorded by the Ep-3, Ep-4, EP-5, and EP-6 sensors, which were located in the middle
and rear zones of the slope model, were not found to change.

4.2. Pore Water and Soil Pressure Level Changes in Response to the Lowering of the Water Levels

Figure 10 details the pore water pressure responses with the water level changes
recorded by the piezometers at different elevations. It can be seen in the figure that the
pore water pressure levels of the P-1 and P-2 piezometers at the elevations of 0.2 m (80 m)
and 0.3 m (120 m), respectively, showed a similar general trend during the lowering of the
water levels. Furthermore, there was a small delay observed in the pore water pressure
relative to the lowered water levels of the model slope. When the water levels of the slope
were lowered by 0.075 m, the pore water pressure recorded by the P-1 and P-2 piezometers
had decreased by 1.77 kPa and 1.18 kPa, respectively. However, it was found that the pore
water pressure levels recorded by the other sensors located at the middle and rear zones of
the slopes had displayed little change.

Figure 11 presents the results of the soil pressure levels measured by the six soil
pressure sensors in response to the lowering water levels. The total stress of the soil
pressure of the EP-1 sensor, which was located at 0.2 m in the slope, decreased from an
initial value of 1.94 kPa to 0.17 kPa. In regard to the EP-2 soil pressure sensor, which was
located higher than the EP-1 sensor, it was observed that the pressure had decreased from
an initial value of 1.18 kPa to 0.07 kPa. Therefore, the decreasing trend of the total stress
was found to be the same as that of the pore water pressure.
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In summary, by referring to measurement results of the different displacement sensors,
no deformations were observed to have occurred during the aforementioned processes
of this study’s model, and no cracks had been observed on the slide surface, as shown in
Figure 12.
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4.3. Responses of the Slope Model during the Water Level Lowering Process Combined with the
Rainfall Process
4.3.1. Visual Observations during the Processes

In order to simulate the coupling effects of the water level fluctuations and rainfall
events on the investigated landslide, another identical model was constructed. Similar to
the first model, the same rising and lowering of the reservoir water levels were conducted
in the second model during the reservoir impounding and water level lowering processes.
When the water level lowering rate was approximately 4.2 mm/h, a rainfall simulation
device was activated. The rainfall occurred with an intensity of 0.42 mm/h, which was
similar to the rainfall intensity (200 mm/d) of the prototype. The rainfall duration time
was controlled as 3.6 h, which corresponded to three days of real time.

A video camera was mounted in front of the slope in order to record the failure
initiation and subsequent movements during the water level lowering processes. The slope
profiles associated with the displacements before and after failure were also recorded. The
failure process of the slope model is systematically shown in Figure 13a–c, respectively.
The failure mechanism observed and documented in this study’s large-scaled slope model
experiment was apparently complex, and the following phenomena were observed during
the water level lowering and rainfall simulation processes.

The lowering water level, combined with heavy rainfall, was observed to initiate
the formations of a transverse tension crack in the middle of the slope model. The crack
occurred in the middle of the slide mass at approximately the 30 min point following the
commencement of the water lowering and rainfall simulations, as shown in Figure 13a.

The length and breadth of the tension crack increased with the lowering water levels
combined with the rainfall simulations. The length of the tension crack increased as the
water levels reached the lower parts of the slopes, as illustrated in Figure 13b,c. Then,
obvious sliding deformations were found to have immediately occurred in the middle
and toe sections of the slope model. The entire deformation zone of the slope model was
bounded at an elevation of approximately 300 m. However, the slope material behind the
deformation zone appeared to remain stable. As can be seen in the figures, the obvious
deformation region during the model tests was located in the lower zone at an elevation of
approximately 300 m.



Water 2022, 14, 984 14 of 21Water 2022, 14, x FOR PEER REVIEW 15 of 23 
 

 

 
Figure 13. Water lowering processes combined with rainfall simulations of the induced landslide 
process: (a) Cracking occurred in the middle of the landslide with a water elevation of 43.54 cm; (b) 
Crack propagation with a water elevation of 41.25 cm; (c) Crack penetration with a water elevation 
of 40.18 cm. 

The lowering water level, combined with heavy rainfall, was observed to initiate the 
formations of a transverse tension crack in the middle of the slope model. The crack oc-
curred in the middle of the slide mass at approximately the 30 min point following the 
commencement of the water lowering and rainfall simulations, as shown in Figure 13a. 

The length and breadth of the tension crack increased with the lowering water levels 
combined with the rainfall simulations. The length of the tension crack increased as the 
water levels reached the lower parts of the slopes, as illustrated in Figure 13b,c. Then, 
obvious sliding deformations were found to have immediately occurred in the middle and 
toe sections of the slope model. The entire deformation zone of the slope model was 
bounded at an elevation of approximately 300 m. However, the slope material behind the 
deformation zone appeared to remain stable. As can be seen in the figures, the obvious 
deformation region during the model tests was located in the lower zone at an elevation 
of approximately 300 m. 

The displacement data shown in Figure 14 are expressed in millimeters. It should be 
mentioned that due to sensor failure, sensor readings were not collected by the D-1 and 
D-6 sensors, and no further results are shown in Figure 14. However, based on the moni-
toring data recorded by the other four displacement sensors, the deformations were found 
to be small in the areas of the D-3, D-4, and D-5 sensors, which were located in the middle 
and rear sections of the model, during the entire experimental process, whereas the defor-
mations at the toe had increased sharply to 14 mm following the rainfall simulations, as 
shown in Figure 14. 

Figure 13. Water lowering processes combined with rainfall simulations of the induced landslide
process: (a) Cracking occurred in the middle of the landslide with a water elevation of 43.54 cm;
(b) Crack propagation with a water elevation of 41.25 cm; (c) Crack penetration with a water elevation
of 40.18 cm.

The displacement data shown in Figure 14 are expressed in millimeters. It should
be mentioned that due to sensor failure, sensor readings were not collected by the D-1
and D-6 sensors, and no further results are shown in Figure 14. However, based on the
monitoring data recorded by the other four displacement sensors, the deformations were
found to be small in the areas of the D-3, D-4, and D-5 sensors, which were located in the
middle and rear sections of the model, during the entire experimental process, whereas the
deformations at the toe had increased sharply to 14 mm following the rainfall simulations,
as shown in Figure 14.
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4.3.2. Pore Water and Soil Pressure Levels during the Experimental Processes

Figure 15 presents the pore water pressure levels measured by the six pore pressure
gauges mounted in the slope model. The changes in pore water pressure were in response
to lowering of the water levels combined with the rainfall simulations. The variations in
the pore water pressure levels were divided into three types.

Water 2022, 14, x FOR PEER REVIEW 16 of 23 
 

 

 
Figure 14. Displacements observed during the water lowering process combined with the rainfall 
simulations. 

4.3.2. Pore Water and Soil Pressure Levels during the Experimental Processes 
Figure 15 presents the pore water pressure levels measured by the six pore pressure 

gauges mounted in the slope model. The changes in pore water pressure were in response 
to lowering of the water levels combined with the rainfall simulations. The variations in 
the pore water pressure levels were divided into three types. 

 
Figure 15. Pore water pressure levels recorded during the water lowering process and rainfall sim-
ulations. 
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rainfall simulations.

The pore water pressure levels recorded by the P-1, P-4, and P-5 piezometers were
observed to have gradually increased from initial pore water pressure levels of 1.94 kPa,
0.07 kPa, and 0.16 kPa to 3.44 kPa, 1.47 kPa, and 1.33 kPa, respectively. The incremental
changes of 1.50 kPa, 1.40 kPa, and 1.17 kPa occurred within an 18 h timeframe after the
initiation of the experiment. The pore water pressure levels recorded by the P-3 and P-6
piezometers were found to have changed little during the entire experimental process,
with increases from initial total stress levels of 0.20 kPa and 0.36 kPa to 0.78 kPa and
0.63 kPa, respectively. The incremental changes of 0.58 kPa and 0.27 kPa had occurred
within 18 h following the initiation of the experiment. However, the pore water pressure
levels recorded by the P-2 piezometer were found to have increased sharply from an initial
total stress of 1.18 kPa to 4.27 kPa, an incremental change of 3.09 kPa.

Figure 16 details the soil pressure levels measured by the six soil pressure gauges
installed in the slope model. The changes in soil pressure were also in response to lowering
water levels combined with the rainfall simulations. The soil pressure levels measured by
the P-1 and P-5 piezometers showed similar results within 18 h following the commence-
ment of the experiment, with gradual increases observed from the initial pressure levels
of 1.94 kPa and 0.16 kPa to 3.40 kPa and 1.14 kPa, respectively. The soil pressure levels
measured by the P-3 and P-6 piezometers were found to display only minimal changes
during the entire experimental process, with increases from initial soil pressure levels of
0.20 kPa and 0.36 kPa to 0.75 kPa and 0.63 kPa, respectively. The data range fluctuation
characteristics which were recorded by the P-4 piezometer during the final 18 h displayed
incremental changes of 0.80 kPa. However, the soil pressure levels recorded by P-2 piezome-
ter were observed to increase sharply from an initial soil pressure of 1.18 kPa to 3.67 kPa.
Therefore, an incremental change of 2.48 kPa had occurred.
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5. Discussion
5.1. Comparison of the Two Models

This study’s comparison of Model-1 and Model-2 revealed the following:

(1) The rise and fall of reservoir water levels had little effect on the middle and rear
sections of the landslide site.

(2) The landslide mass was stable during reservoir impoundment and discharge processes.
(3) The displacements increased, and finally failure occurred when the water levels

rapidly decreased, combined with the effects of rainfall.

It was observed that, differing from Model-1, the soil and pore pressure levels in all
parts of Model-2 displayed a tendency to increase at first and then decrease following the
simulated rainfall, as shown in Figures 15 and 16. It was determined that this was due
to the fact that the rain had infiltrated into the slope through the pores and cracks of the
landslide model, which resulted in increases in the pore water and soil pressure levels,
as well as increased weight of the rock and soil. Then, after the rainfall had ceased, the
groundwater inside the slope was discharged into the reservoir, resulting in decreased
groundwater levels and gradual decreases in the pore water pressure. The rises in the soil
pressure levels during the early part of the process also indicated stress concentrations and
accumulations of strain energy in the slope. The maximum soil pressure was the result
of the coupling of the reservoir water levels and the effects of rainfall. The continuous
decreases in the soil pressure during the latter part of the process were determined to
be due to the release of strain energy inside the slope and the redistribution of the stress
following the deformations of the rock and soil masses within the landslide.

It can be seen in Figure 15 that during the lowering of the water level combined with
the rainfall process, the data of the pore water pressure recorded by P-2 piezometer (located
at the toe of the landslide) had increased rapidly. In addition, the rising rate of the pore
water pressure was higher than that recorded by the sensors in other parts of the landslide
site. The piezometers located above the bedrock and near the middle and rear zones of
the slope showed pressure rises of between approximately 0.27 and 1.50 kPa following
the rainfall simulations. However, the pore water pressure recorded by the piezometer
installed at the toe of the slope showed an increase of 3.09 kPa in response to the same
rainfall simulations.
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5.2. Influences of the Chair-Shaped Bedrock Surface on the Groundwater Levels as per the
Monitoring Data

Pore phreatic water is the main form of groundwater in the Zhaoshuling Landslide
area. Its recharge occurs at the upper part of the landslide as a result of bedrock fissures and
atmospheric precipitation, which eventually discharges into the Yangtze River following
the infiltration of the landslide body. This was determined through the data of the borehole
monitoring of the groundwater levels which had been performed in the main part of
the landslide site. In order to study the influencing effects of chair-shaped surface on
groundwater levels under the conditions of rainfall and reservoir water level changes in the
Zhaoshuling Landslide area, the data from boreholes Zhao-1 and Zhao-2 located in different
parts of the landslide site were selected for further analysis in this study. The borehole
locations are also shown in Figure 2. The groundwater level monitoring processes at the
Zhao-1 and Zhao-2 boreholes have been conducted since May of 2006, and the monitoring
period ranged from May of 2006 to November of 2012.

Figure 17 shows the effects of the rainfall and reservoir water fluctuations on the
changes in groundwater levels. Borehole Zhao-1 was located in the middle part of the
landslide site and had a higher elevation and groundwater level than borehole Zhao-2,
which was located at the toe of the landslide site. Therefore, the groundwater at the
Zhao-1 borehole was less affected by the reservoir water levels than the Zhao-2 borehole.
The changes in groundwater levels in the borehole were dominated by the rainfall effects.
However, the amount of surface runoff was larger than that of the infiltration during rainfall
events in that area, and the water level fluctuations at borehole Zhao-1 were observed to
be small.
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Borehole Zhao-2 was located at the toe of the landslide site. During the period of the
reservoir water fluctuations and the rainy seasons during the study period (May of 2006 to
November of 2012), the changes in groundwater levels of the Zhao-2 corresponded to the
variations in the rainfall and reservoir water levels. Figure 17 shows that the fluctuations in
the groundwater levels were consistent with that of the reservoir water levels and had also
lagged behind that of the reservoir water levels.

Figure 18 presents the effects of the rainfall on the changes in the rates of the ground-
water levels. It was found that under the same precipitation conditions, the change rates
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of the groundwater levels in the Zhao-2 borehole were greater than that of the Zhao-1
borehole during rainy seasons. These results indicated that the changes in the groundwater
levels in the Zhao-2 borehole were more easily affected by rainfall than those of the Zhao-1
borehole. The test results were found to be in accordance with the monitoring data. The
higher groundwater level changes in the Zhao-2 borehole, which was in the same position
as P-2 in this study’s model, indicated that poor drainage conditions existed.
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5.3. Conceptual Model of a Slope Failure with a Chair-Shaped Bedrock Surface

In the current research investigation, a striking feature was observed after examining
the cross-sections of the landslide site. That is to say, the rockhead profile was found to be
chair shaped. The Guandukou Syncline and Badong Fault were found to strike an E–W
control of the tectonic framework and geomorphologic characteristics of the Zhaoshuling
Landslide. The Guandukou Syncline was determined to be composed of multiple secondary
folds, which are mainly asymmetric, and box folds forming a chair-shaped bedrock surface.
The chair-shaped bedrock surface was observed to be generally parallel to the slope surface.
However, at the toe of the slope, the interfaces become rather flat or slightly depressed, or
even upside down. It was found that the chair-shaped bedrock formation at the toe of the



Water 2022, 14, 984 19 of 21

slope had significant adverse effects on the mechanisms of the slope stability, as detailed in
Figure 19.
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The significant pressure build-up and the rate of build-up were dependent on the rain
intensity, elevation of the recharge zone, different properties of the upper and lower strata,
and the rate at which the groundwater could escape from the toe of the slope. With the same
conditions of rain intensity and recharge zone elevation, the properties of the strata and
groundwater escape conditions were very important to the pore water pressure build-up.
For example, if the rainfall on the exposed slope surface occurred at a rate less than the
permeability of the slope materials, and the conditions at the toe of the slope were favorable
for the ground water to escape, then the water may percolate vertically downwards into
the slope without causing large positive pore water pressure level changes.

It was found that the properties between the upper and lower strata were quite
different in the Zhaoshuling Landslide site. The bedrock was T2b2 strata and had a
permeability much lower than that of the slope material. The infiltrating water may have
formed a seepage layer on the bedrock surface, which potentially followed the contours
of the bedrock. Therefore, any significant change in the inclination of the bedrock may
have resulted in localized changes in the hydraulic gradient. However, the bedrock of
the Zhaoshuling Landslide was chair-shaped, with a particularly significant change in
gradient in the toe region. Therefore, since the bedrock surface was slightly depressed
and even upside down at the toe, the seepage flow was not smooth. A localized zone of
high transient pore water pressure may have been created within the slope material, which
could have potentially reduced the effective stress of the soil body. This was arguably the
most critical region of the slope from a stress perspective. Therefore, it was believed that
the investigated landslide event may have begun with a local slip under rainfall infiltration
and reservoir water level change conditions.

6. Conclusions

It has been determined that rainfall and reservoir water fluctuations were significant
factors inducing the failure of the Zhaoshuling Landslide. The shape of bedrock surface,
and the pore water and total soil pressure levels in the landslide area were found to be
sensitive to the presence of the water during the water lowering process and rainfall, which
directly enhanced the displacements and may have even initiated the landslide failure. The
following conclusions were drawn in the present research investigation:

1. The results obtained from this study’s physical model tests indicated that the Zhaoshul-
ing Landslide was stable when the reservoir water levels were fluctuating between
145 m and 175 m. However, rainstorm events combined with the quick decrease in
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the reservoir water levels may have caused the toe of the landslide mass to fail, and
the middle of the landslide mass to suffer large displacements.

2. It was revealed in this study that due to the bedrock surface shape of the Zhaoshuling
Landslide, the deformations of the landslide area beneath an altitude of 300 m were
more sensitive than those in the landslide areas located above that elevation. In the
lower elevations, the pore water pressure had increased significantly, which adversely
affected the stability of the slope.

3. A conceptual integrated model is put forward in this study to explain the failure
mechanisms of the investigated landslide event. It was believed that the chair-shaped
bedrock at the toe of the slope had significantly adverse effects on the mechanisms of
the slope stability.
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