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Abstract
To meet flood control requirements, reservoir water levels undergo a two-step drop process before the rainy season. To 
examine the relationship between the deformation characteristics of the accumulation body and this water level drop, a 
large-scale centrifuge modeling study was conducted. The dropping scheme involved a second drop stage rate twice that of 
the first stage. The macroscopic deformation, pore pressure, and earth pressure change laws during the two-step drop were 
analyzed. Numerical simulations were also performed to assess the impact of water level rate on deformation and stability. 
The results showed that during reservoir impoundment, accumulation deformation was minimal. In the 1st drop stage, ten-
sile cracks initially formed at the front edge and rapidly extended, creating a fault zone. As the fault zone collapsed, tensile 
cracks propagated toward the middle and back of the slope. In the 2nd drop stage, the slope continued to slide along the 
previously formed fault zone, albeit with reduced intensity. Vertical compaction in the middle and rear sections contributed 
to stabilizing crack expansion. Pore pressure exhibited hysteresis during reservoir impoundment but gradually weakened in 
each drop stage. Earth pressure on the leading edge underwent significant changes in each stage, with the highest intensity 
observed during the first drop stage in the middle and rear sections. The water level drop rate triggering slope instability 
ranged from 0.7 to 1.5 m/d in the 1st drop stage. Deformation and failure demonstrated a progressive weakening pattern 
from the front to the rear.

Keywords  Centrifuge modeling · Numerical simulation · Failure mechanism · Two-step drop · Drop rate

Introduction

Reservoir bank landslides are among the most crucial issues 
faced during the construction and operation of hydropower 
projects (Jia et al. 2021). The trigger factors and failure 
mechanism of reservoir landslides are difficult to study, 
especially the long-term deformation evolution trend under 

the repeated rise and fall of water levels. Therefore, cata-
strophic events caused by reservoir landslides are wide-
spread, such as the left bank landslide of Vajont Reservoir 
in Italy (Paronuzzi et al. 2013), the Tangyanguang landslide 
of Zhexi Reservoir in Hunan Province, China (Huang et al. 
2017), and the Qianjiangping landslide in the Three Gorges 
Reservoir area, China (Wang et al. 2004, 2008). According 
to statistics, most of the reservoir bank landslides occurred 
during the sudden drop in reservoir water level (Jones et al. 
1961; Riemer 1992). Therefore, it is necessary to study the 
influence of the fast drop process on the deformation and 
stability of the reservoir slope.

Many reservoir bank landslides triggered by the change 
in water level were reported all over the world. For example, 
the Xintan landslide occurred in Hubei Province, China, in 
1985 (Chen et al. 2021), and the Kuzulu landslide occurred 
in Sivas, Turkey, in 2005 (Yilmaz et al. 2006). Scholars 
have studied the reactivation of slopes under reservoir water 
level changes using field monitoring data analysis, physi-
cal model tests, laboratory mechanical tests, and numerical 
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simulation methods (Pinyol et al. 2012; Schuster 1979; 
Tian et al. 2022; Trzhtsinskii 1978; Yin et al. 2016). The 
deformation properties of landslides can be immediately 
studied when combined with monitoring data, allowing for 
the creation of pertinent geomechanical models (Highland 
and Bobrowsky 2008). Laboratory tests can be used to ana-
lyze the mechanical properties of the landslide body and 
sliding surface and to retrieve the macroscopic evolution 
characteristics and deformation mechanism of the landslide. 
Laboratory physical models and numerical simulations 
can simulate the influence of water on slope stability with 
fluid–solid coupling analysis (Miao et al. 2018). Compared 
with the aforementioned research methods, the geotechnical 
centrifuge modeling test can precisely duplicate the stress 
field and reveal the deformation and damage process (Wang 
et al. 2022, 2023). It is used more frequently in the study of 
slope deformation (Idinger et al. 2011). For example, rain-
fall-induced landslides (Eab et al. 2014), the destabilization 
process of rocky landslides (Liu et al. 2022), the damage 
mechanism of loess landslides (Zhang et al. 2019), deforma-
tion process of submarine landslides (Zhang and Askarine-
jad 2019), and the effect of anti-slip pile (Zhou et al. 2019) 
are well investigated. Askarinejad and Springman (2015) 
studied the hydro-mechanical response of a 38° vegetated 
silty sand slope triggered by heavy rainfall. Eab et al. (2014) 
investigated the effect of the root system on slope stability by 
designing a rainfall simulator in a centrifuge model chamber. 
Gue et al. (2010) simulated underwater landslides under dif-
ferent centrifugal accelerations, measured the slip velocity, 
and monitored the pore water pressure inside the sliding bed. 
Wang et al. (2020) obtained the forces acting on the sub-
marine landslide impact pipeline inside a drum centrifuge. 
However, there are few studies on centrifuge modeling tests 
for long-term evolution characteristics of landslides under 
fast water level drops. Moreover, the sudden drop in water 
level can actually be subdivided into two stages. Reservoirs 
reduce the water level to generate electricity during opera-
tion time, and such reduction process is gentle. At the same 
time, it also needs to rapidly lower water levels to vacate 
capacity when the rainy season comes to meet flood control 
needs. Therefore, the reservoir water level drop rate is not 
consistent before and after the actual reservoir water sched-
uling scheme, and the drop rate becomes faster at the later 
stage of reservoir water level plunge with the approach of 
flood season. The existing studies only consider the reservoir 
level drop at one rate (Miao et al. 2018, 2022), which is dif-
ferent from the real reservoir scheduling situation.

In this paper, a set of water level variation systems was 
developed for centrifuge using LXJ-4–450 geotechnical cen-
trifuge of China Institute of Water Resources and Hydro-
power Research (IWHR), and a two-step water level drop 
process was conducted to investigate the deformation prop-
erties of the accumulation body slope. The influence of the 

reservoir water level drop rate on the slope deformation and 
stability is analyzed with a numerical simulation method. 
The deformation pattern of the slope and the mechanism 
of gradual stabilization of the middle and rear parts of the 
slide are revealed, which provides some reference basis for 
predicting the long-term stability of the reservoir bank slope.

Study area

The typical reservoir bank landslide that occurred in early 
June 2019 in Huangdeng Reservoir triggered by a two-step 
water level drop is selected for the investigation. Huangdeng 
Hydropower Station (Fig. 1a) is located in Lanping County, 
Yunnan Province, and is the fifth stage of the hydropower 
gradient development program in the upper reaches of 
the Lancang River from Gushui to Miaowei River section 
(Dong et al. 2018). In early June 2019, dozens of landslides 
occurred during the two-step drop in the reservoir water 
level. According to the field investigation report by the res-
ervoir operation manager, there were 26 landslides triggered 
on both sides of the reservoir area (Fig. 1a), with the mass 
volume ranging from hundreds of thousands to millions of 
cubic meters. Some of the reservoir sections have multiple 
ground cracks and slides, and local bank deformation has 
caused interruptions in the road along the reservoir. The 
hydrological information in Fig. 1b shows that the water 
level has undergone a successive two-step drop process with 
low rainfall intensity. Therefore, we intended to analyze the 
deformation mechanism of landslides under the action of 
a two-step drop of reservoir water level to understand the 
deformation behavior of reservoir bank slopes and realize 
landslide disaster prevention and control.

Centrifuge modeling test

Test equipment

The LXJ-4–450 geotechnical centrifugal testing machine of 
IWHR (Du et al. 1992) is adopted to conduct the tests. The 
main engine of the test system is composed of the turntable, 
the crane, the rotating arm, the counterweight basket, the 
model basket, and the control system (Fig. 2). The main 
engine features a double swing, symmetrical arms, and dou-
ble hanging baskets, resulting in excellent dynamic balance 
and model test accuracy. The parameters of this test system 
are shown in Table 1.

Centrifuge kinematics

Due to the equivalence of inertial forces to Newtonian 
gravity, the gravitational force exerted by the prototype in 
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a constant gravity field (g = 9.8 m/s2) and the centrifugal 
inertial force exerted by the model in a centrifugal field 
agree in their physical effects. The inherent properties of 
the material are mainly influenced by electromagnetic 
forces, and the effects of gravity or centrifugal forces are 
negligible. Therefore, the properties of the soil material 
do not change under the centrifugal force field. The cen-
trifugal test simulates gravity by centrifugal force, which 

in turn raises the self-weight of the landslide model to the 
prototype level.

Figure 3 shows the overburden stress of a slope proto-
type and the model with a 1/N scale placed in a 1 g gravity 
field and an Ng centrifugal force field, respectively. Under 
the centrifugal acceleration of Ng, the linear dimension 
ratio of the prototype to the model is N. If the directional 
error of the centrifugal acceleration of Ng is excluded, the 

Fig. 1   A Location of the landslides (early June 2019) induced by the change of reservoir water level in Huangdeng reservoir and (b) water level 
variation and rainfall in the reservoir area
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overburden stresses of the prototype and the model are the 
same. The centrifugal coordinate system after scaling is 
shown in Fig. 4a, and the acceleration component at point 
A in the centrifugal model in the local coordinate system 
is shown in Fig. 4b. When the centrifugal acceleration lifts 
to the set speed and keeps that speed continuously rotat-
ing, the angular acceleration is d2�∕dt2 = 0 , and the radial 
velocity of point A also tends to zero ( dr∕dt ≈ 0 ). At this 
time, the centrifugal acceleration borne by the model can 
be expressed as r(d�/dt)2 . Thus, an artificial model force 
field is formed.

The three similar conditions required for the centrifu-
gal model test are similar size, similar force, and similar 
physical quantities of materials (Ge et al. 2017). The first 

Fig. 2   LXJ-4–450 geotechnical 
centrifuge of China Institute of 
Water Resources and Hydro-
power Research

Table 1   Parameters of LXJ-4–450 type geotechnical centrifuge sys-
tem

Main technical parameters Parameter value

Maximum capacity 450 g·t
Effective radius 5.03 m
Acceleration range 10 ~ 300 g, speed stability 0.5%/F.S., 12 h
Effective load Maximum payload 3 t at 100 g, maxi-

mum payload 1.5 t at 300 g
Hanging basket volume L × W × H = 1.5 m × 1.0 m × 1.5 m
Drive motor power DC motor for drive, motor power is 700 

KW

Fig. 3   Overburden stresses for the slope prototype and the model 
scaled to (a) 1/N placed in the 1 g gravity field and (b) the Ng cen-
trifugal force field, respectively
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two similarity conditions make the model reflect the slope 
prototype stress–strain relationship, and the last similar-
ity condition ensures that the stress–strain relationship 
between the model and the prototype is consistent.

Due to the different centrifugal forces on the model in 
the radial direction of the centrifuge, the stress between 
the model and the prototype is also slightly different. 
Assume that the effective turning radius of the centrifuge 
is Re , as shown in Fig. 5. Then, we have

where � is the angular acceleration of the centrifuge rotating 
arm. The prototype vertical stress �vp is

(1)Ng = �2Re

(2)�vp = �ghp = �gNhm

where hp and hm are the depth of the prototype and centrifuge 
model, respectively.

Assuming that the distance between the top surface of the 
slope model and the axis of rotation is Rt , the vertical stress 
�vm of the slope model is

Assuming that the model vertical stress z = hi is the same 
as the prototype vertical stress, it can be known from Eqs. 
(1), (2), and (3) that

When z < hi ,𝜎vp > 𝜎vm  .  When  z > hi ,𝜎vp < 𝜎vm  . 
A s s u m i n g  ru = max

[(

�vp − �vm
)

∕�vp
]

 ,  i t  h a s 
ro = max

[(

�vm − �vp
)

∕�vp
]

 . If ru = ro , it follows that

To control the stress error to a minimum, the effective 
radius of the centrifuge should be selected from the distance 
from the rotating shaft to the 1/3 height position of the cen-
trifugal model. The geotechnical centrifuge at the IWHR has 
a maximum radius of rmax=5.03 m and the maximum height 
of 0.9 m. Therefore, the stress error is

(3)�vm = ��2∫
z

0

(

Rt + z
)

dz = ��2z
(

Rt +
z

2

)

(4)Re = Rt + 0.5hi

(5)hi =
2

3
hm

(6)ro = ru =
hm

6Re

(7)Re = Rt +
hm

3

(8)

max(ro) = max(ru) = max(
hm

6Re

) =
0.9

6(5.03 − 0.6)
≈ 3.39%

Fig. 4   Acceleration components 
of point A in the centrifugal 
model in (a) the centrifugal 
coordinate system and (b) the 
local coordinate system after 
scaling 1/N times

Fig. 5   Prototype vs. centrifuge model vertical stress versus depth
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The maximum stress error of this geotechnical centrifuge is 
3.39% < 5%, which is within the allowable range of stress error.

The physical model test requires a specific similarity cri-
terion to establish correspondence with the prototype. The 
similarity criterion for the centrifugal test makes this research 
method uniquely advantageous. The similarity criterion for 
physical quantities commonly used in centrifuge modeling 
tests is shown in Table 2 according to the research of Fuglsang 
and Ovesen (1988).

Mechanical parameters of the model material

According to the in-situ survey, the bedrock beneath the land-
slides in the reservoir bank is predominantly slate, sandstone, 
or andesite, which is weakly permeable. The upper part of 
the slope mass is covered with an accumulation body, as the 
bedrocks are with high strength and stiffness. For simplicity, 
the model sliding bed in this centrifugal model test is regarded 
as an impermeable body. The sliding bed and the water input 
tank are chosen to be integrated to meet the test requirements 
after considering the size of the model test box and the needs 
of the water supply and drainage system.

In-situ water injection tests and laboratory permeability 
tests were conducted to determine the coefficient of satu-
rated permeability of the accumulation body. The perme-
ability coefficient of the Quaternary loose accumulation is 
k = 4.5 × 10−4 cm/s, which is weakly permeable according to 
the Chinese Standard SL386-2007 (2007). Therefore, the cor-
responding permeability and strength requirements can be met 
by remolding the material of the sliding mass.

The sliding mass (accumulation body) used in the test was 
directly taken from the Huangdeng Reservoir bank, and the 
particle size of the soil varies from 50 to 500 mm. Accord-
ing to the Chinese test specification known as the Code of 
Geotechnical Centrifuge Model Tests (DL/T 5102–1999), it 
entails using coarse grains with the largest size permitted in 
a centrifuge test to substitute oversized coarse grains with an 
equivalent number of alternative-diameter particles, maintain-
ing the original granule content and modifying the inhomoge-
neity of the earth material. The more commonly used method 
is the equivalent substitution method (Zhao et al. 2019). The 
soil samples were naturally air-dried and passed through a geo-
sieve, and the equation for calculating the particle size content 
of each group after substitution is as follows:

where Pi is the content of a particle size group after sub-
stitution, %; P

5
 is the content of the soil with particle size 

greater than 5 mm, %; Pdmax is the content of super-sized 
soil particles, %; Poi is the content of particles of the original 
gradation group, %. After removing the super-sized soil par-
ticles from the soil samples taken from the reservoir bank, 
the particle size gradation curve of the experimental model 
soil is obtained, as shown in Fig. 6.

Before the centrifugal modeling tests, the soil samples 
with different moisture content were prepared, and direct 
shear tests were carried out on these soil samples. On this 
basis, different contents of stone were mixed, and the per-
meability coefficient was determined by the laboratory con-
stant head permeability tests. Finally, a model material that 
is similar to the actual parameters of the sliding body is 
obtained. This test was equipped with 208 kg of slide body 
with a natural moisture content of 12%, and its physical and 
mechanical parameters are shown in Table 3.

Construction of the model

The purpose of this centrifugal modeling test is to study 
the deformation characteristics and failure mechanism of 

(9)Pi =
PoiP5

P
5
− Pdmax

Table 2   Guidelines for 
similarity of physical 
parameters commonly used in 
centrifuge modeling tests

Physical quantities Acceleration Length Area Volume Stress Strain Weight

Scale factor N 1/N 1/N2 1/N3 1 1 1/N3

Physical quantities Porosity ratio Viscosity Force Torque Density Time (power) Time (seepage)
Scale factor 1 1 1/N2 1/N3 1 1/N 1/N2

Fig. 6   Particle size gradation curve of the sliding mass in the centrif-
ugal modeling tests
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the reservoir bank slope triggered by a two-step drop in 
water level. Considering the prototype scale of the land-
slide in the Huangdeng Reservoir bank deformation sec-
tion, combined with the loading capacity of the geotechni-
cal centrifuge and the size of the model box, the maximum 
centrifugal acceleration of this centrifugal test is deter-
mined to be 70 g. To reduce the scale effect of the model 
as much as possible, a model box with a larger size was 
selected. The size of the model box is 1450 mm (length), 
3500 mm (width), and 31,000 mm (height), and the wall 
thickness is 50 mm. According to the engineering geologi-
cal profile of the typical landslide in the reservoir area, 

the size of the landslide test model is 1035 mm (length), 
400 mm (width), and 690 mm (height), as shown in Fig. 7.

According to the pre-designed test plan, the monitoring 
system mainly includes pore pressure transducers (diameter 
5 mm, range of 250 kPa, 300 kPa, and 400 kPa, accuracy 
0.1%FS) (Fig. 7c), micro-earth pressure sensors (diameter 
8 mm, range of 500 kPa, 1000 kPa, and 2000 kPa) (Fig. 7d). 
Among them, pore pressure transducer P1 is arranged at the 
front edge of the slope to monitor the water level change. 
To accurately monitor the pore pressure at different positions 
inside the slope, seven pore pressure sensors were embed-
ded in three layers in the slope, as shown in Fig. 7a. Three 

Table 3   Physical and mechanical parameters of the landslide deposit used in the model tests

Density (g/cm3) Water content 
(%)

Cohesion (kPa) Friction angle (°) Permeability 
coefficient 
(10−5 cm/s)

Liquid limit (%) Plastic limit (%) Plasticity index

1.81 12 31.7 22.9 3.40 23.2 12.4 15.86

Fig. 7   Centrifuge modeling test layout: (a) layout of sensors and the size of the model box; (b) photo of slope surface; (c) pore pressure trans-
ducer; (d) earth pressure sensor; and (e) and (f) arrangement of the sensors
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and two earth pressure sensors were embedded in the vertical 
direction and the middle and upslope part along the sliding 
belt to monitor the change of the earth pressure on the sliding 
surface. In addition, three cameras are arranged on the top 
of the leading edge, the top of the trailing edge, and the side 
of the model box to capture the deformation and the water 
level change during the centrifugal modeling tests (Fig. 7a). 
At the same time, the slope surface is meshed to monitor the 
deformation of the slope surface macroscopically (Fig. 7b).

Centrifuge modeling test results 
and analysis

Macroscopic deformation

In this experiment, the process of one-step reservoir water 
rises, and two-step water level drops were designed according 
to the reservoir operation scheme in early June 2019, as shown 
in Fig. 1. By comparing the high-definition camera images 
of the test process, the complete macroscopic deformation 
evolution process of the landslide can be obtained. The vari-
ation of the acceleration and the water level is shown in Fig. 8. 
The complete test process can be divided into three stages: 
impoundment stage ①, 1st drop stage ②, and 2nd drop stage ③. 
Starting from the 2520 s in the timeline, keep the acceleration 
constant at 70 g. The water level starts to rise and submerges 
the foot of the slope at the rate of 9.8 cm/min. The final water 
level elevation is 33 cm at this stage. Subsequently, two con-
secutive water level drops are arranged. The water level rose at 
a rate of 9.8 cm/min for 202 s. The water level dropped from 
the highest level of 450 mm to the low level of 315 mm, and 
the water level plummeting rate was 3.4 cm/min, lasting 238 s. 
The water level drops from 315 mm at low level to 120 mm 
at zero level. At this point, all the water in the reservoir is 
emptied, and the water level plummets at a rate of 7.3 cm/min, 
lasting 160 s. The deformation characteristics of the landslide 
surface at each stage are shown in Fig. 9.

Stage ①: From the 2520th second, the water level rises 
rapidly to the highest water level of 33 cm. At this time, 
the acceleration remains unchanged at 70 g. At the 2670th 
second, the slope accumulates a settlement deformation of 
about 0.3 mm, which belongs to the normal consolidation 
settlement of the soil during the impoundment process 
of reservoir water (Fig. 9a, b). Generally speaking, there 
is no obvious sliding deformation of the sliding body at 
this stage.

Stage ②: At 4560th second, the water level drops for the 
first time. Slight creep and settlement deformation occurs on 
the front edge of the slope, and tension cracks grow in the 
middle and rear parts. It is worth noting that seepage has a 
strong effect on slope erosion during the period from 4650 
to 4830 s when the reservoir water level drops from 25.7 
to 20.6 cm. The slope has undergone obvious deformation, 
which is manifested as the overall creep deformation of the 
front edge and the staggering collapse under the transverse 
crack, forming a fracture zone with a width of about 25 to 
35 mm, as shown in Fig. 9c. The cracks in the middle and 
rear part continue to expand and develop. At this stage, the 
deformation triggered by the fast change of water level is the 
largest at the front edge of the slope, followed by the middle 
part, and the smallest deformation in the rear part.

Stage ③: After 6240 s, the water level drops again. Its 
decline rate is about twice as fast as that stage ②. During 
the period from 6300 to 6480 s, due to the low water level 
elevation, the intensity of seepage erosion is weakened, 
which mainly occurs in the shallow soil body in the sudden 
change of the water level on the front edge. It is manifested 
as the continuous expansion of the fracture zone. After the 
test, the depth of the front edge of the slope is about 30 to 
60 mm, and the middle is deeper. In general, an overall slip 
of the slope occurs, as shown in Fig. 9d. A multi-level slip 
surface is formed, and the cumulative width of the cracks at 
the trailing edge of the slope is about 5 mm, and no obvious 
large deformation occurs in this area. The final shape of the 
landslide is shown in Fig. 10.

Fig. 8   Deformation stage divi-
sion of the centrifuge modeling 
test
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Pore pressure variation

The time axis of the preset plan is changed from 2520 to 
0 s in the analysis of pore pressure variations to improve 

analysis and explanation because there is no reservoir water 
infiltration in the slope during the accelerated operation 
stage of the centrifuge. Since the response time of the pore 
pressure sensors buried at different heights inside the slope 

Fig. 9   Deformation characteris-
tics of landslide slope surface at 
(a) step acceleration stage; (b) 
impoundment to the maximum 
water level stage; (c) after the 
1st drop stage; and (d) after the 
2nd drop stage

Fig. 10   Final form of landslide 
deformation and damage and 
deformation characteristics of 
landslide leading edge slope 
surface
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is inconsistent with the rise of the reservoir water level, the 
sensors can be divided into three layers to analyze the varia-
tion of pore pressure (Fig. 11). The lower pore pressure sen-
sor is P2, P7 from outside to inside, the middle pore pressure 
sensor is P3, P5, P8 from outside to inside, and the upper 
pore pressure sensor is P4, P6 from outside to inside, as 
shown in Fig. 7.

When the water level of the reservoir rises to 14 cm, it 
triggers an increase in pore pressure at P2, indicating the 
infiltration of reservoir water in that area. Specifically, when 
the water level exceeds P2 by approximately 5 cm, it infil-
trates the location of P2. Once the water level reaches 23 cm, 
the pore pressure at P7 increases, while the time delay for 
P2 is approximately 54 s. Subsequently, P2 and P7 initially 
exhibit exponential growth, followed by a deceleration 
during the later stage of impoundment. This phenomenon 
occurs because, during the initial stage of impoundment, the 
gradual formation of the reservoir water infiltration channel 
results in a steep increase in pore pressure, which subse-
quently diminishes as the water volume in the supply tank 
decreases. After adding water, the pore pressure at P2 is 
higher than at P7. This discrepancy arises because the res-
ervoir water infiltrates toward P7 along the infiltration path 
of P2, driven by the centrifugal force field. Moreover, the 
greater distance between P7 and the reservoir water leads to 
reduced infiltration and lower pore pressure.

During the 1st drop, there is a lag of 32 s between the 
response of pore pressure at P2 and P7 and the reservoir 
water level. However, the pore pressure at P2 is delayed 
by 16 s and at P7 by 18 s during the 2nd drop stage. This 
occurs because the 1st drop stage creates a seepage channel 
for the 2nd drop. Furthermore, as the drop rate of reservoir 
water increases in the 2nd drop stage, the slope deformation 

becomes more pronounced. It shows that the response 
lag of pore pressure inside the slope is stronger in the 1st 
drop stage than in the 2nd drop stage. Between 2312 and 
3720 s, as well as between 3826 and 5040 s, the water level 
remained unchanged while the pore pressure at P2 gradually 
decreases. The decline rate in P2 during the 1st drop stage is 
higher than that in the 2nd drop stage, whereas P7 remains 
relatively stable during these two periods. This indicates that 
the shallow infiltrated water continues to seep under its own 
weight. The initial infiltration volume is substantial, while 
the subsequent internal secondary infiltration diminishes 
significantly due to the formation of infiltration channels. 
However, the deep infiltration process of the landslide is not 
readily apparent. During the deceleration and shutdown of 
the centrifuge, the pore pressure gradually decreases, and the 
landslide deformation is completed at this time.

When the water level rises to 28 cm, the pore pressure at 
P3 begins to increase, with a lag of approximately 59 s com-
pared to P7. Pore pressure at P5 gradually increases at 176 s, 
lagging behind P3 by about 27 s. Meanwhile, the water level 
has reached and stabilized at 30 cm, which is 12 cm above 
its original position. Upon reaching a water level of 31 cm, 
the pore pressure at P8 begins to respond, while the lag for 
P5 is approximately 50 s. After adding water, the pore pres-
sure at P3 is the largest, followed by P5, and P8 exhibits 
the lowest pressure. This occurs because the reservoir water 
gradually depletes as it flows successively through P3, P5, 
and P8 under the influence of the centrifugal force field. 
Even after the reservoir water reaches its maximum level, 
the pore pressure continues to slowly decrease, suggesting 
a downward migration of water. At 2169 s, the reservoir 
water level is still dropping, while both pore pressures at P3 
and P5 exhibit slight increases. The increase in P5 is higher 
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Fig. 11   Pore pressure variation curves inside the slope during the complete centrifuge modeling stage
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than that in P3, although this difference is less prominent 
during the 2nd drop stage. This is because the groundwa-
ter within the landslide body migrates under the action of 
hydrodynamic pressure, infiltrating into P3 and P5. Follow-
ing the 1st drop stage, the water level reaches 19.5 cm, a 
mere 3 cm above that of P3 and P5. Consequently, there is 
no infiltration of reservoir water into P3 and P5 during the 
subsequent second sudden drop. It shows that the migra-
tion of deep groundwater is more pronounced compared to 
shallow groundwater. Throughout the 2nd drop, P8 exhibits 
gradual decreases, indicating deformation and slippage at 
this specific site.

When the water level reaches 32 cm, the pore pressure at 
P4 begins to increase, with a lag of approximately 36 s com-
pared to P8. The reservoir water level is merely 5 cm above 
the elevation of P4, resulting in a relatively minor increase. 
When the water level reaches its maximum height of 33 cm, 
the pore pressure at P6 begins to respond, with a lag of about 
32 s compared to P8. Water primarily infiltrates P4 and sub-
sequently reaches P6, resulting in a slightly lower increase 
compared to P4. After the 1st drop stage, both pore pressures 
at P4 and P6 exhibit gradual increase, with P6 showing a 
higher rate of increase than P4. It shows that the infiltra-
tion process is slower in the middle and rear part of the 
slope, while its deep position is slower. The pore pressures 
P4 and P6 above the water level continue to decline during 
the 2nd drop stage, indicating that with the drop of the res-
ervoir water level, local deformation cracks and collapse of 
the landslide occur, resulting in a continued decrease in the 
upper pore pressure. At the same time, the water level of the 
reservoir has been emptied after the 2nd drop, while P4 is 
still slowly falling. It shows that the shallow soil above the 
landslide is still undergoing creep deformation at this time.

In summary, the pore pressure monitoring data show 
that the slope response has a certain degree of hysteresis 

compared with the rising reservoir water level. The forma-
tion of seepage channels weakens this hysteresis following 
the 1st drop stage, and the hysteresis becomes less appar-
ent after the 2nd drop stage. Consequently, the landslide 
response accelerates after the reservoir water undergoes 
two-step sudden drops, with the deep groundwater being 
more significantly affected by the dynamic water pressure 
compared to the shallow groundwater. In the 2nd drop stage, 
the descent rate intensifies, resulting in a decreased rate of 
pore pressure reduction. Additionally, the pore pressure 
declines in the shallow layer, which is greater than that in 
the deep layer. The variation in pore pressure in the lower 
part of the slope is 2 to 5 times higher than that in the mid-
dle and upper part, indicating its heightened sensitivity to 
the reservoir water.

Earth pressure variation

To monitor the variation in earth pressure at the potential 
bottom sliding surface of the slope, as well as the middle 
and rear sections, three micro-earth pressure sensors (S1, 
S2, and S3) are arranged along the potential bottom sliding 
surface of the slope model. Additionally, two miniature earth 
pressure sensors (S4 and S5) are vertically arranged in the 
middle and rear sections, as shown in Fig. 7. The monitor-
ing curves of each earth pressure sensor during the test are 
shown in Fig. 12.

(1) Deep bottom slip surface earth pressures (S1, S2, and S3).
The monitoring data of the earth pressure sensors S1 

to S3 exhibit synchronous linear increases with accelera-
tion. Upon reaching an acceleration of 70 g, S3 registers 
the highest earth pressure, followed by S2, and finally, S1, 
with the lowest reading. This is because S3 is located in the 
deepest part of the slope body close to the sliding bed and 
has less deformation. S2 is shallower than S3, and S1 is the 
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shallowest and has the largest deformation. It shows that 
the larger the landslide deformation is, the smaller the deep 
earth pressure is. At 2520 s, the front of the slope starts to 
store water, and the S1 at the deep part of the front edge of 
the slope foot increases sharply. This increase may be attrib-
uted to water infiltrating the leading edge of the slope. Addi-
tionally, earth pressure sensors S2 and S3, positioned in the 
deeper sections, exhibit a slight increase due to the formation 
of additional pressure on the slope resulting from the hydro-
static pressure of the added reservoir water. The infiltration 
of reservoir water leads to the accumulation and compac-
tion of soil in the upper portion of the slope, subsequently 
improving slope stability and increasing the earth pressure 
in this area. The earth pressure S1 drops sharply from 4561 
to 4732 s and from 6241 to 6365 s because the hydrostatic 
pressure gradually dissipates with the sudden drop of water 
level during the sudden drop of reservoir water. The back 
pressure on the slope body decreases accordingly, and the 
front edge of the slope undergoes creep deformation, cracks, 
and slips. The slope body stress is released, and the earth 
pressure decreases. However, the earth pressures S2 and S3 
both decrease slightly, indicating that the deformation of the 
position is small and the dynamic equilibrium state is main-
tained. During the deceleration and shutdown stage of the 
centrifuge, the centrifugal acceleration decreases, and the 
earth pressure is gradually released and finally drops to zero.

(2) Earth pressures in the middle and rear of the slope 
(S4 and S5).

At a loading of 70 g, S4 exhibits an increase that is 1.9 times 
larger than that of S5. This indicates that the deformation of soil 
significantly affects the shallow earth pressures in the middle 
and rear portion of the landslide, whereas the impact is less 
pronounced in the deep layer. After adding water, additional 
back pressure induced by hydrostatic pressure is applied on the 
slope, resulting in the litter increase of earth pressures at S4 and 
S5. The deceleration of S4 between 6241 and 6365 s is notably 

more pronounced than that between 4561 and 4732 s, primar-
ily influenced by the sudden drop rate of reservoir water. In 
contrast, the decline in S5 between 4561 and 4732 s is slightly 
greater than that between 6241 and 6365 s, predominantly influ-
enced by the landslide deformation. These findings indicate the 
presence of minute cracks or deformations in the landslide body 
at this time, and the 2nd drop of reservoir water aggravates the 
expansion of the cracks or deformations.

In summary, during the rapid decrease in reservoir water 
level, it is evident that the changes in earth pressure are nota-
bly less pronounced compared to the variations in pore water 
pressure. This observation underscores the fundamental fac-
tors driving slope instability, including the softening effect, 
buoyancy, and dynamic water pressure within the slope’s 
surface and internal regions. Deformation initiates with 
localized instability and progresses backward gradually until 
the entire front edge becomes unstable. In contrast, minimal 
variations in soil pressure are observed in the deep sections 
of the rear edge. This suggests that in the case of gravita-
tional-type sliding in slope masses, a “tongue-shaped” circu-
lar slip surface is typically formed rather than an initial rock 
surface that results in overall sliding. Furthermore, during 
the accelerated deformation phase of the slope, pore water 
pressure and earth pressure exhibit frequent and anomalous 
fluctuations. These fluctuations can be considered as precur-
sors to slope instability, providing valuable indicators for 
landslide prediction and early warning.

Water content variation

After the test, soil samples were taken in layers along the 
middle longitudinal section of the slope, and the moisture 
content of soil samples at different elevations and positions 
was measured. A total of 20 soil samples were collected, and 
the coordinates of each sampling point and the correspond-
ing moisture content are shown in Table 4. According to the 

Table 4   Coordinates of 
each sampling point and 
corresponding water content

Number Coordinate (cm) Water content 
(%)

Number Coordinate (cm) Water 
content 
(%)

1–1 (15.0, 54.5) 11.57 5–3 (45.0, 34.5) 15.57
2–1 (15.0, 49.5) 11.83 6–1 (30.0, 29.5) 14.56
2–2 (30.0, 49.5) 12.07 6–2 (45.0, 29.5) 15.94
3–1 (15.0, 44.5) 12.19 6–3 (60.0, 29.5) 16.27
3–2 (30.0, 44.5) 12.27 7–1 (50.0, 24.5) 16.37
4–1 (15.0, 39.5) 12.56 7–2 (60.0, 24.5) 16.64
4–2 (30.0, 39.5) 13.87 7–3 (80.0, 24.5) 18.12
4–3 (45.0, 39.5) 15.02 8–1 (60.0, 19.5) 17.18
5–1 (15.0, 34.5) 13.67 8–2 (80.0, 19.5) 18.57
5–2 (30.0, 34.5) 14.15 9–1 (80.0, 14.5) 19.13
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measurement results, the water content distribution of the 
model after the test is drawn, as shown in Fig. 13.

The water content increases with depth, and the change 
range of the water content in the water level sudden change 
area is larger than that in the upper part. Specifically, the 
water content in the region of sudden water level changes 
shows an approximately 1% variation from shallow to 
deep, while the water content in the upper part is more 
than 2%. Furthermore, the water content decreases as the 
distance from the reservoir bank increases, and this phe-
nomenon is more pronounced in the area of sudden water 
level changes. Additionally, the water content of pore pres-
sure P4, P6 and the overlying soil is relatively low, while 
the relative initial water content increases by approxi-
mately 1 to 1.8%. This can be attributed to the air-dry-
ing effect on the surface of the slope during the test. The 
soil–water content below the P4 and P6 positions is higher, 
ranging from 13.4 to 19.4%, with a maximum increase of 
7.4% in terms of relative initial water content. In addition, 
the infiltration direction of the reservoir water in the low 
water level area has an obvious inclination angle. In the 
area near the high-water level, the infiltration direction 
gradually tends to be horizontal due to the weak intensity 
of reservoir water action. According to the water content 

distribution map of the slope after the test, the front part 
deforms and collapses in a concave shape, and the soil 
accumulates at the slope foot to form a new stable state.

Numerical simulations

The previous section involved conducting a centrifugal 
modeling test under the two-step drop of reservoir water 
level. It was found that the magnitude of the sudden drop 
rate significantly affects the deformation of the reservoir 
bank slope. Therefore, further analysis is necessary to 
investigate the evolution of deformation and stability 
under conditions involving a two-step drop with different 
drop rates. A numerical simulation model with a scale 
of 70:1 centrifugal modeling test is developed using 
Geo-Studio 2012 software. The physical and mechanical 
parameters of the accumulation body are consistent with 
the centrifugal test. Subsequently, the seep/w module is 
used to analyze the seepage field of the slope under differ-
ent operating conditions, and the seepage analysis results 
are imported into the sigma/w module to ascertain the 
stability change law.

Fig. 13   Distribution of water 
content of landslide at the end 
of the test
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Calculation theories

The accumulation body above the reservoir water level 
remains unsaturated, while below the reservoir water level, 
it becomes saturated. As the reservoir water level drops, 
the pore water pressure in the slope gradually dissipates, 
leading to a transition of the soil from a saturated to an 
unsaturated state. However, the movement of soil water in 
the unsaturated area and the movement of water in the sat-
urated area are interrelated, and the two are unified, giving 
rise to the well-known saturated and unsaturated problem 
(Vauclin et al. 1979). Based on Darcy’s law, the govern-
ing equation of unsaturated seepage can be expressed as 
follows (Fredlund and Rahardjo 1993):

where kx and ky are hydraulic conductively in horizontal and 
vertical directions, respectively. H is the total waterhead, 
and �w is volumetric water content. �w is the unit weight of 
water. Ψ is the matric suction. The relationship between �w 
and Ψ is the so-called soil–water character curve (SWCC). 
Therefore, as long as the SWCC and hydraulic conductivity 
of the soil are known, and clear boundary conditions and 
initial conditions are given, the seepage field of unsteady 
unsaturated soil can be obtained.

The strength of unsaturated soil adopts Fredlund’s two-
variable strength theory. Fredlund et al. (1978) concluded 
through a large number of experimental data that the shear 
strength equation of unsaturated soil can be expressed as 
an independent stress variable as follows:

where �f  is the shear strength of the soil. c′ and �′ are effec-
tive shear strength parameters. σ is normal stress. ua and 
uw are pore air and water pressures, respectively. �b is the 
frictional angle caused by matric suction.

When using the limit equilibrium method (LEM) to cal-
culate the slope stability, the Morgenstern-Price method 
(Morgenstern and Price 1965) can accurately reveal the 
interaction force between soil strips without any simplifi-
cation. Therefore, this method is used to analyze the sta-
bility of slopes in this study. The calculation results of 
sigma/W are imported into the slope/W module, and the 
safety factor of the slope is calculated with LEM. Con-
cerning the Chinese Standard SL386-2007 (2007), the 
stability factor of the Class 1 landslide should be higher 
than the safety factor under normal operating conditions 
and the coefficient control standard is 1.05.
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Landslide modeling and meshing

To monitor the development and evolution of landslide pore 
water pressure in real time during the sudden change of res-
ervoir water level, seven reference points corresponding to 
the centrifuge modeling test are set (P1 to P7, as shown in 
Fig. 7a). At the same time, when dividing the model mesh, 
considering the calculation accuracy and the difficulty of 
convergence, this paper adopts the method of mixing trian-
gular elements and quadrilateral elements. The minimum 
element size of the model is controlled at 0.5 m, and it is 
divided into 8139 elements and 8295 nodes. The meshing 
of the landslide model is shown in Fig. 14.

The bottom of the landslide is fully restrained; that is, 
the horizontal displacement and vertical displacement are 
limited. Horizontal displacement constraints are imposed on 
both sides of the model; that is, the water level displacement 
is limited. The fixed water head boundary on the left side of 
the model is set to be 20 m, and the front slope surface is the 
water head boundary of the reservoir water level. The slope 
table of the front edge of the model is set as the boundary 
of the sudden change in reservoir water level. It changes 
according to the variation of the water level of the reservoir 
under each working condition, and other boundaries are set 
as impervious boundaries.

According to the results of the geological survey and 
laboratory test, the physical and mechanical parameters of 
the landslide mass, sliding surface, and slip bed are the same 
as the centrifuge modeling test (Table 5).

Knowing the saturated volumetric water content of dif-
ferent materials of the landslide body, the soil–water char-
acteristic curve (SWCC) and the relationship curve between 
the permeability coefficient and matrix suction of the land-
slide body can be estimated and plotted using the Fredlund 
et al. (1996) model function, as shown in Figs. 15 and 16, 
respectively.

Validation of the model

Through a similar relationship to the centrifugal modeling 
test, the pore pressure values of the sensors’ corresponding 
positions are extracted in the numerical simulation to com-
pare the accuracy of the test with the numerical simulation, 
as shown in Fig. 17.

It can be seen from Fig. 17 that all sensor points are posi-
tioned above the groundwater infiltration line. Consequently, 
the initial pore water pressure is negative due to the influ-
ence of liquid surface tension (Rinaldi and Casagli 1999). 
As the reservoir water level rises, pore pressures at P2 and 
P7 respond first, succeeded by pore pressures P3, P5, and 
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P8, and eventually P4 and P6. Nevertheless, the time inter-
val of pore pressure response is shortened during the 1st 
drop stage and becomes less discernible after the subsequent 
drop. This indicates that there exists hysteresis in the pore 
pressure response to variations in the reservoir water level, 
and such hysteresis gradually diminishes with the two-step 
drop. The pore pressure in the lower part of the slope has 
the swiftest response, succeeded by the middle section, 
whereas the upper section experiences the slowest response. 
Because the sensors P2, P3, and P4 are close to the slope, 
their changes are more sensitive than those of the P5, P6, P7, 
and P8. The numerical simulation result of pore water pres-
sure is obtained by unsaturated seepage theory, represent-
ing the seepage field under ideal conditions. A comparison 
between the results of the centrifugal modeling test (Fig. 11) 

and numerical simulation (Fig. 17) reveals similar seepage 
fields, but some differences exist. In summary, the differ-
ences are as follows.

(1)	 The pore pressure sensors used in the centrifugal test 
can only measure positive pore water pressure; there 
is no negative pore pressure like that in the numerical 
simulation.

(2)	 Pore water pressure is influenced not only by water con-
tent and infiltration line but also by the properties of 
soil materials. The model test results of the pore pres-
sure sensors near the reservoir bank are higher, while in 
the numerical simulation, the monitoring points at the 
same elevation are the same. One possible explanation 
is that the voids between soil particles are filled with 

Fig. 14   Landslide model mesh sectioning

Table 5   Physical and 
mechanical parameters of the 
landslide in the simulation 
model

Parameters Landslide mass Sliding surface Slip bed

Permeability coefficient k
sat

 (m/d) 6.05 7.76 0.05
Unit weight �

sat
 (kN/m3) 20.4 21.9 22.7

Effective cohesion c′ (kPa) 12.1 13.4 16.7
Effective frictional angle �′ (°) 13.2 14.9 16.8
Frictional angle caused by matric suction �b (°) 10 10 10
Saturated volume moisture content �

s
0.26 0.21 0.05
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water and small soil particles near the bank. On the 
other hand, the positions of the pore pressure sensor 
have changed during the landslide deformation process, 
which makes the measured values deviate. The further 
downward its position is, the more obvious the devia-
tion is.

(3)	 During the centrifugal model test, numerous cracks 
appeared in the front, middle, and rear of the slope, 
altering the slope soil’s permeability and causing 
changes in pore water pressure.

To compare the difference in the water content of the 
landslide model, the volumetric water content at the last 
step of the numerical simulation of the landslide model was 
extracted, as shown in Fig. 18.

The differences between the numerical simulation and 
laboratory tests are evidently significant when compared 
with the test results. The reasons for these differences are as 
follows: Firstly, slope deformation alters the permeability of 
the original slope soil, resulting in a discrepancy between 
the infiltration state of the reservoir water and the numerical 
simulation seepage state. Secondly, due to the expansion of 
multiple cracks at the leading edge during the centrifugal 
test, the groundwater seepage speed is accelerated, result-
ing in lower water content at the far bank end of the slope. 
However, the numerical simulation fails to accurately reflect 
this process.

Effects of different reservoir level drop rates 
on landslides

Even though the numerical simulation method has the afore-
mentioned drawbacks, using qualitative analysis, it is still 
possible to determine the influence of the law of water level 
drop rate on slope stability. It can be seen from the previous 
centrifugal test and numerical simulation that the 1st drop 
rate influences the deformation significantly due to the high 
reservoir water level. It is very easy to cause deformation 
and damage to the slope. Therefore, it is necessary to further 
explore the seepage change and stability of the slope under 
the condition that the 1st drop rate of the reservoir water 
level is inconsistent.

The reservoir water level of the Huangdeng Hydropower 
Station in the Lancang River dropped by 33 m from April to 
June. However, due to the limitation of the size of the cen-
trifuge device and the test conditions, the centrifugal model 
test simulated the rise and two-step drop of the reservoir 
water level at the front edge of the slope with a height of 
23.1 m. Among them, the drop rate in the two-step drop 
stage of the reservoir water level adopts the pattern of slow 
first and then fast, which is consistent with the actual engi-
neering. From the test results, the sudden drop rate of the 
reservoir water level that causes the deformation and insta-
bility of the slope is 0.7 ~ 1.5 m/d. To further clarify the criti-
cal value of the reservoir water level drop rate that induces 
slope instability, three reservoir water level drop conditions 
are set up in this study. Among them, to ensure that the 
rising stage of the reservoir water level is consistent with 
the experimental conditions, the rising rates are all set to 
2.0 m/d. The 1st drop rates are set as 0.7 m/d, 1.1 m/d, and 
1.5 m/d, respectively, while the 2nd drop rate is controlled 
at 1.5 m/d. The specific operation conditions are shown in 
Fig. 19.

The pore pressure variation curves of the sensor coordi-
nate points under three operation conditions were extracted 
and shown in Fig. 20. The farther from the reservoir bank 
and the lower the position of the sensor coordinate point, 

Fig. 15   Volumetric water content-matrix suction relationship curve

Fig. 16   Permeability coefficient-matrix suction relationship curve
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the more lag the pore pressure response. It also takes longer 
for the pore pressure to stabilize. The hysteresis of the pore 
pressure caused by the height of the position is more obvious 
than that of the distance from the reservoir bank.

During the 1st drop of reservoir water level, the drop rate 
of pore pressure P2 and P7 is significantly higher than that of 
P3, P5, P8, P4, and P6 under the condition of a 1.5 m/d drop 
rate. However, the drop rates of P2 and P7 are slightly higher 
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Fig. 17   Numerical simulation results of pore water pressure variation at sensor points corresponding to the centrifugal modeling test

Fig. 18   Contour plot of the 
volumetric water content of 
landslide model at the end of 
numerical simulation
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than those of P3, P5, P8, P4, and P6 under the condition of a 
0.7 m/d drop rate. It shows that the greater the velocity in the 
1st drop, the faster the pore pressure at the front edge of the 
landslide decreases, the stronger the hydrodynamic pressure 
effect, and the less conducive to the safety and stability of 
the slope. In the 2nd drop stage, the rate of 1.5 m/d has little 
effect on the different failure stages of the slope.

Stability analysis

The variation of the factor of safety (FOS) of the three 
conditions is shown in Fig. 21. From 0 to 11.5 days, the 
front edge is affected by the hydrostatic pressure of the res-
ervoir water during the reservoir impoundment stage, and 
the stability increases rapidly (Song et al. 2017). From 11.5 
to 26.5 days, the reservoir water level is stable at 31.5 m. 
Due to the low permeability coefficient of the accumulation 
body, the change of the groundwater level in the slope lags 
behind the sudden rise of the reservoir water level, so the 
groundwater level continues to rise during this period. The 
slope front changes from natural bulk density to floating 
bulk density, resulting in a slight decrease in the stability 
coefficient during this period.

During the 1st drop stage, the dynamic water pressure 
points to the outside of the slope, which adversely affects 
the stability. When the drop rate is 0.7 m/d (case 1), the 
stability coefficient decreases almost uniformly. By day 40, 
the FOS drops to 1.41. When the drop rate is 1.1 m/d (case 
2), the decrease rate of the FOS is significantly faster than 
that in case 1. By day 35, the FOS drops to 1.29. When the 
drop rate is 1.5 m/d (case 3), the FOS decreases sharply. 
By 32.8 days, the value decreases to 1.20. During the sta-
ble period after the 1st drop, the groundwater further seeps 
out of the slope under the dynamic water pressure because 
the change of the groundwater infiltration line lags behind 
the sudden drop of the reservoir water level. The landslide 

infiltration line decreases, and the head difference between 
the reservoir water level and the infiltration line increases, 
increasing the dynamic water pressure pointing to the slope. 
Therefore, the FOS recovers slightly.

There is no significant difference in the decline range of 
the FOS among the three working conditions in the 2nd drop 
stage, and the decline range is significantly smaller than that 
in the 1st drop stage. This is because the reservoir water 
level in this period is lower than that in the previous stage, 
and the effect of hydrodynamic pressure is weakened. In 
case 1, the reservoir water level drops sharply by 1.5 m/d 
during this period, and on the 64th day, the FOS drops to 
1.22. From case 2 to day 59, the FOS drops to 1.09. On the 
56.8th day of case 3, the FOS decreases to 0.99, which is 
less than 1.05. It can be seen that the FOS of the accumula-
tion body under this working condition is the smallest, and 
instability is very likely to occur, which is the most unfa-
vorable working condition under the reservoir water level 
adjustment.

The above analysis shows that the FOS is most sensitive 
when the 1st drop rate is 1.5 m/d. The minimum stability 
factor is lower than the normal operating conditions stipu-
lated in Chinese standard SL386-2007 (2007). In addition, 
the minimum FOS is also much closer to the control stand-
ard of the safety factor when the 1st drop rate is 1.1 m/d. 
Therefore, the 1st drop rate that causes landslide deforma-
tion and instability is 1.1–1.5 m/d.

Discussion

Reservoir storage and subsequent changes in water levels 
often serve as triggers for bank landslides (Gutiérrez et al. 
2010; Schuster 1979; Tang et al. 2019). However, it is crucial 
to recognize that the influence of reservoir water on differ-
ent types of landslides can vary significantly (Qi et al. 2006). 
For example, Jones et al. (1961) reported that nearly 49% of 

Fig. 19   Calculated working 
condition setting diagrams
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Fig. 20   Numerical simulation 
of pore water pressure changes 
at sensor coordinates for the 
1st drop rate of (a) 0.7 m/d, (b) 
1.1 m/d, and (c) 1.5 m/d
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the landslides in the vicinity of Roosevelt Lake, occurring 
between 1941 and 1953, took place during the early stage 
of impoundment from 1941 to 1942, while approximately 
30% occurred when the water level rapidly dropped by 10 
to 20 m. The rest are small landslides that occurred at other 
times. About 60% of reservoir landslides in Japan occur dur-
ing periods of sudden reservoir water levels. The remaining 
40% occurred during periods of rising water levels, including 
the early stages of impoundment. Some landslides occurred 
during the reservoir storage period, and some landslides 
occurred during the reservoir water level drop (Nakamura 
1990). The physical trigger mechanism behind this well-
known relationship between water and landslides is a reduc-
tion in shear strength due to buoyancy exerted by water in 
saturated soils and a reduction in soil suction in unsaturated 
soils (Mazaeva et al. 2019; Záruba and Mencl 2014). The 
schematic diagram of the landslide in the accumulation body 
triggered by a two-step drop in reservoir water level is shown 
in Fig. 22. In this study, through the analysis of the deforma-
tion process of the sliding body in the reservoir impoundment 
stage, the front edge of the slope is continuously softened 
by water immersion. However, the floating force formed by 
the groundwater staying in the slope body and the seepage 
pressure of the reservoir water on the slope body offset each 
other, so there is no obvious deformation of the slope in this 
stage (Fig. 22b). In addition, the high consolidation strength 
of the accumulation body in the Huangdeng reservoir area 
and the occlusal effect of soil and stone in the landslide body 
also inhibit the sliding of the slope. Due to the differences 
in landslide geological structure and slope morphology, the 

influence characteristics of reservoir water level fluctuation 
on landslide stability also show different forms, including 
seepage-driven type and buoyancy-driven type (Zhou et al. 
2022). The term “seepage-driven landslide” describes a land-
slide that underwent significant deformation as a result of the 
hydrodynamic pressure effect (also known as the “seepage 
force”) or when the landslide’s topography and geological 
structure are susceptible to the hydrodynamic pressure. The 
term “buoyancy-driven landslide” describes a landslide that 
underwent significant deformation as a result of the buoy-
ancy force effect or a slope whose topography and geological 
structure are particularly susceptible to the unloading effect 
brought on by buoyancy force.

Through the model test and numerical simulation, it is 
found that in the early stage of the 1st drop of the water 
level, when the water level of the reservoir suddenly drops, 
the pore water pressure is difficult to dissipate, resulting in 
an outward seepage force. Under the traction of the slid-
ing force of the slope body, the softened accumulation body 
undergoes creep deformation, which leads to the formation 
of tensile cracks in the front of the sliding body (Fig. 22c). 
At the same time, tension cracks are generated in the middle 
and rear sections of the slope under the traction of the front 
deformation body. However, in the middle and late stages 
of the first sudden drop in water level, the seepage effect is 
enhanced, and the tensile cracks on the front edge further 
expand and penetrate laterally and deep under the action of 
strong hydrodynamic pressure. As a result, the lower stag-
gered slump takes place, and the tensile cracks in the mid-
dle and back of the traction landslide keep growing. This 

Fig. 21   FOS variation curve of 
the three working conditions
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exhibits the traits of traction failure, in which the deforma-
tion gradually deteriorates from the front edge to the back 
section.

During the 2nd drop stage, the sliding mass continued to 
move along the fractured fault zone, rendering the slope as 
a whole unstable. However, the sliding is less pronounced 
compared to the 1st drop, and the extension of tension 
cracks in the middle and rear parts is weak (Fig. 22d). This 
is because the start-up water level is low at this time, and the 
intensity of groundwater seepage is still low even if the water 
level drop rate doubles. In addition, the first slip created a 
seepage channel, thereby reducing the degree of hysteresis 
in the deep part of the slip. Therefore, the hydrodynamic 
pressure effect of the 2nd drop is weaker than that of the 1st 
drop. Throughout the entire testing process, the deformation 
of the sliding body exhibits the characteristics of attenuation 
deformation from initial deformation to accelerated defor-
mation to deceleration deformation.

The middle and rear parts of the slope exhibit vertical 
deformation and compaction, which enhances the anti-slid-
ing ability of this part, resulting in relatively small defor-
mation. In general, the range of water level drop rate that 
causes instability of the landslide model is 3.4–7.3 cm/min, 

corresponding to a water level dip rate range of the pro-
totype landslide 0.7–1.5 m/d. The hysteresis degree of the 
slope deformation during the rise and fall of the reservoir 
water follows this order: water level rising stage > the 1st 
drop of the water level > the 2nd drop of the water level. 
For the continuous sudden drop of water level, the landslide 
deformation is greatly affected by the 1st drop of water level 
even if the drop rate is smaller. Therefore, the landslide in 
Huangdeng Reservoir belongs to the seepage-driven type.

Conclusion

To study the deformation and evolution mechanism of res-
ervoir bank slope triggered by a fast two-step drop in water 
level, a 1:70 slope model was established with a typical 
accumulation body in the Huangdeng Reservoir area as the 
prototype, and a reservoir water level rise and fall system 
was designed. Centrifugal modeling tests of one water level 
rise and two-step drop at different rates were carried out. 
Based on the test results, a numerical simulation was con-
ducted to analyze the critical drop rate on the deformation 
of the slope. The main results are as follows.

Fig. 22   Schematic diagram of the landslide deformation evolution model in Huangdeng reservoir: (a) initial reservoir bank slope, (b) deforma-
tion of slope after impoundment, (c) deformation during the 1st water level drop stage, and (d) deformation during the 2nd water level drop stage
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(1)	 Landslide deformation characteristics show the form of 
small deformation to large deformation and then weak-
ening deformation during the complete test process. At 
the stage of reservoir impoundment, the slope deforma-
tion is small. At the 1st drop stage, the cracks at the 
leading edge propagate under the strong dynamic water 
pressure, and tensile cracks appear at the middle and 
rear of the traction. At the 2nd drop stage, the exten-
sion of the fracture zone is weakened, and the whole 
slippage occurs at the leading edge.

(2)	 The pore pressure and earth pressure monitoring data 
show that the slope undergoes multiple deformation 
processes. Specifically, settlement deformation occurs 
during the impoundment stage, whereas overall slip-
page is observed during the water level drop process. 
The water content in the area of a sudden change of 
water level is higher, while the increase of water con-
tent in the middle and rear part of the slope is not sig-
nificant.

(3)	 The numerical simulation results indicate that a higher 
1st drop rate leads to a larger hydraulic gradient both 
inside and outside the slope, a more rapid downward 
movement of the pore water pressure contour, increased 
hysteresis of groundwater, and a larger decline rate of 
the infiltration line. The FOS increases during the res-
ervoir impoundment stage and stabilizes between the 
two drop stages. Moreover, a higher drop rate during 
the 1st drop stage corresponds to a greater decrease rate 
of FOS. The decreased rate of FOS in the 1st drop stage 
is higher than that in the 2nd drop stage, even though 
the drop rate in the 2nd stage is much higher.

(4)	 The primary cause of the slope deformation under the 
condition of a two-step drop in water level is the infil-
tration of water into the slope, leading to a reduction 
in the shear strength of the soil body. During the 1st 
drop stage, stability decreases significantly. In the 2nd 
drop stage, the dynamic water pressure continues to be 
released, and the deformation of the leading edge of the 
slope increases, showing the characteristics of traction-
type damage. The two successive drops of the reservoir 
water level leading to the instability of the accumula-
tion body in Huangdeng Reservoir bank are mainly the 
1st drop with a rate between 1.1 and 1.5 m/d.
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