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Reservoir landslide is a common geological disaster during the operation of hydropower projects. The fluctuation of reservoir
water level is an important factor that induces slope instability. The natural slope will gradually lose stability under the rapid
rise and fall of reservoir water level. A variety of landslide examples show that, on the premise of not suffering from extreme
environmental conditions, the reservoir landslide often occurs after the rapid fluctuation of the reservoir water level for a
period of time, and there is a certain time difference between its instability failure and the rapid rise and fall of the reservoir
water level. In order to study the hysteresis effect between the stability change of the reservoir slope and the fluctuation of the
reservoir water level, taking the Chana landslide in the reservoir area of Longyangxia Hydropower Station as an example,
combining the field survey, geological survey data, and the actual change of the reservoir water level, the finite element
simulation software is used to restore the actual working condition, and the research is carried out from three aspects of slope
seepage field, displacement field, and stability. The results show the following: (1) The hysteresis of slope seepage change
during the rising period of reservoir water level is more obvious than that during the falling period of reservoir water level.
The deformation potential of Chana landslide is greater during the falling period of reservoir water level, while the
deformation is restrained during the rising period of reservoir water level. (2) The incremental displacement simulation results
of Chana landslide show that there are deformation incubation period and deformation release period of Chana landslide. The
deformation incubation period occurs during the rapid rise and fall of reservoir water level, and the deformation release period
occurs during the stable change of reservoir water level. (3) The incremental displacement produced during the deformation
release period of the slope is large, but the slope remains stable, which reflects the existence of the internal antisliding
mechanism of the landslide from the side. (4) The stability coefficient of Chana landslide changes greatly during the drawdown
period. When the drawdown rate of water level is kept at 0.03~0.07 m/d, the stability coefficient of Chana landslide changes
slightly and the slope is relatively stable.

1. Introduction

The rise and fall of the reservoir water level will change the
hydrogeological conditions of the reservoir bank slope, affect
the mechanical properties of the rock and soil mass, and
cause stress concentration in some local areas of the slope
or reduce the safety reliability and ultimately may lead to
slope instability and failure [1]. For example, Qianjiangping
landslide occurred in the Three Gorges reservoir area on July

13, 2003 [2]; Outang Landslide in the Three Gorges Reser-
voir Area in June 2003 [3]; from July to October 1963, the
landslide of Vajont Reservoir in Italy [4]; in December
1959, the landslide of the Calpase Reservoir in France [5];
nad the Canelles reservoir landslide in Spain in 2006 [6].
Jones et al. [7] found that 30% of the landslides occurred
during 1941-1953 around Roosevelt Lake were caused by
the sudden drop of reservoir water level. Nakamura [8] also
found in the statistical process that 60% of the reservoir
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landslide disasters occurred during the sudden drawdown of
the reservoir water level. In view of the time correlation
between the fluctuation of the reservoir water level and the
stability change of the reservoir bank slope, scholars at home
and abroad have carried out a lot of research, such as Zhang
et al. [9] taking Xiaping landslide in Wanzhou, Chongging,
as an example, studied the stability change and failure prob-
ability of the landslide during the rapid decline of the Three
Gorges reservoir water level. Manzoo and Timothy [10]
inverted the reactivation mechanism of the landslide by ana-
lyzing the change of strength parameters of sliding slope
rock and soil mass under the effect of water storage. Guo
et al. [11] found that the annual displacement variation
under the action of high-speed and low-speed rise and fall
of reservoir water level reached 30 times through monitoring
the Longmen Mountain landslide. Through field monitor-
ing, Marko et al. [12] and Benoit et al. [13] studied the
change of hydraulic mechanism of reservoir bank slope
under the condition of reservoir level rise and fall.

Since the Longyangxia Hydropower Station was built
and put into operation in 1986, the long-term fluctuation
of the reservoir water level has had a significant impact on
the stability of the reservoir bank slope, and the geological
disasters in the reservoir area have gradually emerged.
Wangshike landslide occurred in June 2002 [14]. In Novem-
ber 2005, high-speed landslide occurred on the west bank of
the south side of Wenchang Temple during the high water
level operation of the reservoir [15]. The Chana landslide,
which had slipped in 1943, also found cracks at the back
edge in April 2009, showing signs of secondary sliding. By
analyzing the occurrence time of landslides in the reservoir
area of Longyangxia Hydropower Station and the reservoir
water level regulation, it can be seen that these landslides
often occur after the rapid fluctuation of water level, and
there is a certain time hysteresis, which indicates that it is
important to study the hysteresis effect of reservoir bank
slope stability affected by the change of reservoir water level.
Based on these, taking the Chana landslide in Longyangxia
reservoir area as an example, with the help of finite element
simulation software, through analyzing the change process
of slope seepage field, displacement field, and stability coef-
ficient, the corresponding hysteresis calculation formula is
established to study the hysteresis effect of slope with water
level fluctuation.

2. Engineering Geology of Longyangxia
Hydropower Station Bank Slope

2.1. Regional Geological Setting. The Longyangxia Hydro-
power Station is located in Hainan prefecture, Qinghai Prov-
ince, the mainstream of the upper reaches of the Yellow
River. Regionally, the reservoir area belongs to the rhombic
depression block in the eastern Gonghe basin of the South
Qilian West Qinling Hercynian fold belt in the Qinghai
Tibet Plateau, and seismic zones formed by deep and large
faults are distributed around the block [15]. The structural
signs in the region mainly include SN trending structure,
NE trending structure, Qilu system NWW trending struc-
ture, and Hexi NNW trending structure. These structural
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belts extend and cross in different directions and jointly con-
trol the structural framework of the region. In addition, the
Gonghe basin where the Longyangxia hydropower station
is located has deposited a large number of semi diagenetic
soils, which are the products of inland lacustrine deposits
in the early and Middle Pliocene and Pleistocene. Controlled
by the large-scale uplift and differential uplift movement of
the Qinghai Tibet Plateau since the late Tertiary, after the
Yellow River pierced the Longyangxia estuary, a series of
high and steep slopes in a wide range were formed on the
South Bank of the reservoir area near the dam due to the
strong regional uplift movement and the deep action of the
Yellow River.

2.2. Formation Lithology. The exposed strata in the reservoir
area are mainly quaternary fluvial and lacustrine loose
deposits. At the end of the reservoir, there are sporadic
Permian lower and middle carbonate rocks, Triassic middle
and lower clastic rocks, and Indosinian intrusive rocks.
The Quaternary strata are widely distributed in the reser-
voir area, with complex genetic types and diverse lithol-
ogy. There are mainly two types: O lower pleistocene
alluvial lacustrine deposit (Q',): concentrated on the
South Bank of the Yellow River and the South Bank of
Laganxia Yangqu in the lower reaches of the reservoir
area. It is a set of coarse and fine stratum, and the lithol-
ogy is sand gravel, silty sand, fine sand, medium sand,
sandy soil, clayey soil, muddy sandy soil and muddy
clayey soil, and some parts contain spiral shell fossils. @
Upper pleistocene alluvium and diluvium (Q3al_Pl): distrib-
uted in Taratai mountain and piedmont inclined plain,
with binary structure. The upper part is sub sandy soil,
loose slightly dense, with vertical joints, with uneven
thickness ranging from 1m to 30m. The lower part is
gravel layer, 4~8m thick. The gravel is subangular, and
the parent rock is composed of sandstone, limestone, and
granite [15]. The properties of the semidiagenetic soil in
the high and steep slopes of the reservoir area are closely
related to the inland lacustrine deposits and the local arid
and rainless climate. Some scholars have shown through
soil chemistry tests that the content of soluble calcium salt
and sodium salt in the semi diagenetic soil is high, gener-
ally higher than 20%, in which the proportion of insoluble
calcium salt is very large. The microdebris and viscose
particles in the rock and soil are bound by microcrystal-
line calcium carbonate. The material composition is quite
the same as that of the old loess [16].

2.3. Hydrogeological Condition. Since the completion of
Longyangxia Reservoir in 1986, the water level of the res-
ervoir began to rise in July, reached the peak in Novem-
ber, and then began to decline gradually until it reached
the lowest point in the next spring. The groundwater in
the reservoir area is deeply buried with small flow and is
mainly buried in the sand layer and sandy loam at the
lower part of layer I and layer III of lacustrine strata.
The underground water level elevation at 300m in the
bank is mostly below 2510m, 400~500m lower than the
slope top. The groundwater belongs to pore fissure water
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FIGURE 1: Slope change process.

and discharges to the Yellow River with a hydraulic gradi-
ent of 3%~8%. Due to the arid climate environment in
this area, the dynamic change of groundwater is little
affected by atmospheric precipitation, and it mainly
receives the stable recharge of distant groundwater [17].
The monitoring and investigation results of scholars over
the years show that the actual rise of the groundwater
level in the same period is 7%~36% of the rise of the res-
ervoir water level, and the annual change of the water
level is generally less than 5m. The rise of the groundwa-
ter level is also affected by the reservoir/groundwater level
difference. When the reservoir water level continues to rise
and the reservoir/groundwater level difference is greater
than 30~40m, the groundwater level rises significantly;
on the contrary, there is no significant change in the
groundwater level [18].

2.4. Slope Sliding History. The main hidden danger of land-
slide since the operation of the reservoir comes from the
ancient landslide and old landslide in the reservoir area.
Under the influence of nearly 40 years’ immersion and reser-
voir water level fluctuation, the reservoir bank slope has
undergone three processes (Figure 1).

(A) At the initial stage of dam construction, the water
storage of the reservoir results in the infiltration of
the slope toe of the reservoir bank, while the upper
overburden of the high and steep slope near the
dam bank is semidiagenetic soil that is easy to soften
when encountering water. Under the action of
water, the slope toe will undergo long scouring,
unloading, and stress concentration until the poten-

tial sliding surface is connected, resulting in land-
slide, and the upper overburden will slip

(B

~—

After the upper covering layer slides, the lower hard
rock layer is exposed, but it is soon covered by the
falling gravel soil, and the slope is in a temporary
stable stage. Subsequently, affected by the rise and
fall of the reservoir water level, the slope toe contin-
ued to be washed away, resulting in the washing
away of the covered gravel and the continuous soft-
ening of the rock stratum by immersion [19]

(C) Erosion cavities are formed at the rock mass at the
toe of the slope due to the scouring of reservoir
water, which increases the free face of the rock mass
and leads to bank collapse under the influence of
water softening of the rock mass, which is the breed-
ing condition for subsequent slope failure or sec-
ondary failure [16]

3. Establishment of Finite Element Model

3.1. Computational Model and Boundary Conditions. In this
paper, the Chana landslide 6.5km away from the dam is
selected as a typical case analysis (Figure 2). The Chana
landslide (Figure 3) experienced a large-scale sliding in
1943, with a sliding volume of 160 million m°>. The front
edge of the sliding body advanced about 3 km, burying the
forest belt and Chana Village on the Bank of the Yellow
River. The groundwater is located below the origin coordi-
nate of the model, and the initial stress is related to the slope
self-weight and groundwater.
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FIGURE 3: Geological profile of Chana landslide [20].

The analysis is carried out with the help of Plaxis2D
finite element software, and the establishment of the
model is shown in Figure 4. The Chana landslide model
is 525m high and 1400m long. The stratum is divided
into seven layers. See Table 1 below for basic parameters
of different strata. The mesh element type of the model
is triangle mesh, which is divided into 1682 element
meshes and 13845 nodes. The boundary condition of the
model is that the left and right boundaries constrain the
horizontal displacement, and the bottom boundary is all
fixed constraints. In addition, the seepage surface is set
on the slope surface, so that the external water level can
only penetrate into the slope from the slope surface, and
cannot cross the boundary. The failure basis of Plaxis2D

calculation is the strength reduction method. Its core is
to reduce the strength parameters of the soil mass in an
equal proportion until the reduced strength parameters
make the soil force reach a critical state. Then, it is con-
sidered that this reduction parameter is a safety factor that
can reflect the stability of the slope. The reduction formula
is as follows:

C'=

r

) (1)
= arctan (tan ¢ )
¢ F

>

CI
F
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TaBLE 1: Strength parameters of rock and soil mass.

Stratum  Natural-unit-weight (kN/m?) Stratum-unit-weight (kN/m’®)  E (MPa) e ¢ () (/)' () C' (kPa) K (m/d)
I 21.1 20.9 479 0.452 35 33 323 8.64x107°
i} 18.7 20.6 468 0.554 37 35 317 8.58x 107
III 21.1 21.8 347 0.459 35 33 88 8.36 x 1072
v 18.7 20.59 325 0.554 37 35 245 6.96 x 107°
A% 22.0 22.8 339 0.355 32 30 79 6.73x107°
VI 17.3 20.3 222 0.573 38 — 39 0.865
VII 17.5 20.5 243 0.594 38 — 36 4.6

where C," and ¢, ' are the strength parameters after

reduction, C' and (/7' are the actual strength parameter,
and F is the reduction factor.

3.2. Variation Characteristics of Reservoir Water Level. Long-
yangxia Hydropower Station has the regulation perfor-
mance for many years. In the early years, the reservoir
operated under the low water level of 2575m for a long
time. After the reservoir water level reached the historical
maximum of 2597.62m on November 19, 2005, the reser-
voir entered the high water level operation stage. Figure 5
shows the water level elevation change curve in recent five
years drawn by using the water level data of Longyangxia
Hydropower Station published by the Yellow River Water
Conservancy Commission of the Ministry of water
resources [21]. It can be seen from Figure 5 that the res-
ervoir water level shows a downward trend from January
to June in a hydrological cycle year, of which the down-
ward trend is faster in April, May, and June and reaches
the lowest value of the reservoir water level in the whole
year in June and then starts to show an upward trend.
The upward trend is faster in July and August, and the
water level rises to the peak in October and November
and remains stable until the next water level year.

3.3. Selection of Strength Parameters of Rock and Soil Mass.
The formation lithology in the study area is mostly quater-
nary middle and early Pleistocene lacustrine strata, which
can be divided into seven layers (Figure 4). The upper part
of the slope is mainly sandy soil; the middle and lower parts
are mainly composed of highly dense, overconsolidated
semidiagenetic clayey soil mixed with thin sandy soil stra-
tum, and the lower part of the bank slope is mainly clayey
soil with a thickness of about 250m. There are many
changes in sedimentary rhythm inside, and there are multi-
ple layers of 0.30 m~3.0 m thin sand layer, which is the main
stratum soaked by reservoir water. The upper part is mainly
sandy soil, with a total thickness of 150 m~300m [18].
According to the previous data [17], the values of rock and
soil mass strength parameters of each layer are shown in
Table 1.

3.4. Calculate the Choice of Working Conditions. It can be
seen from Figure 5 that the variation range of water level
of Longyangxia Hydropower Station in 2021 is the most uni-
form. According to the water level change trend of the whole
year in 2021 (Figure 6), it can be divided into the stable oper-
ation period (0m/d), slow water level rise period (rise rate
+0.03~+0.04 m/d), medium water level rise period (rise
rate+0.05 ~ +0.08 m/d), fast water level rise period (rise rate
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FIGURE 5: Changes of reservoir water level and elevation of Longyangxia Hydropower Station in recent five years.
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FiGURE 7: Phreatic line of Chana landslide at different times.

+0.10 ~ +0.15 m/d), slow water level decline period (decline
rate -0.02~-0.05m/d), medium water level decline period
(decline rate -0.06~-0.09 m/d), and 7 types of rapid draw-
down period (drawdown rate -0.12 m/d). Because the reser-
voir water level is in dynamic change, the initial water level
and the rise and fall rate in each period are different. In
order to fully restore the hysteresis effect of the slope under
the actual reservoir operation, the calculation is carried out
under 24 working conditions according to the initial water
level and rise and fall rate of each period (Figure 6).

4. Analysis of Numerical Simulation Results

4.1. Analysis of Seepage Field Calculation Results. The change
of reservoir water level will cause the change of seepage field
in the slope, that is, it will affect the change of saturation line
and the distribution of pore water pressure in the slope.
According to the phreatic line (Figure 7) calculated under
some working conditions, due to the influence of the perme-
ability coefficient of rock and soil mass, the change rate of
water level in the slope hysteresis behind the change rate of
reservoir water level, and the hysteresis effect gradually
increases from the slope to the inside of the slope. The
unequal water level on both sides of the slope will directly
lead to the change of the groundwater dynamic field of the
slope. From the mechanical effect, ® in the rising stage of
the reservoir water level, the pore water pressure effect (sus-

pension load shedding effect) plays a major role in the stabil-
ity of the bank slope and @ in the drawdown stage of
reservoir water level, the seepage pressure effect of ground-
water and the saturated loading effect of groundwater play
a major role in the stability of bank slope [22].

With the change of reservoir water level, the hysteresis
effect of water level on slope is the most obvious. The water
level hysteresis coefficient W represents the hysteresis effect
of the internal water level of the slope under the fluctuation
of the reservoir water level, that is, the ratio of the internal
and external water level difference at the slope to the change
time, which determines the lower limit of the internal and
external water pressure difference of the slope and can reflect
the change of the groundwater dynamic field of the slope.
See formula (2) for the calculation formula of water level
hysteresis coefficient W :

AH, - AH
i} )
where AH, is the change value of water level height
outside the slope, AH, is the height change value of water
level measured on the slope, and T is the time of water
level change. The results of water level hysteresis coeffi-
cient W, calculated under different working conditions
are shown in Figure 8.
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Chana landslide is affected by the sliding history, and the
change of reservoir water level mainly affects the sandy soil
layer. The actual working conditions include the stable stage
of the reservoir water level. The duration of this stage is
short, and the change of the external water level of the slope
is almost 0, which leads to very large calculation results,
which is illogical. Therefore, it is necessary to eliminate
the calculated outliers of the water level lag coefficient
(conditions 13 and 17). The average value of the water
level hysteresis coefficient in the slow decline period of
the landslide is 0.0085m/d, the average value of the water
level hysteresis coeflicient in the medium decline period is
0.0031 m/d, the average value of the water level hysteresis
coefficient in the fast decline period is 0.0035m/d, and
the average value of the water level hysteresis coeflicient
in the slow rise period is 0.0071m/d. The average value
of the water level hysteresis coefficient in the medium rise
period is 0.0075m/d, and the water level hysteresis coeffi-
cient in the fast rise period is 0.0142m/d. It can be seen
that the hysteresis coefficient of water level in the rising
period of reservoir water level is 1.7~2.2 times that in
the falling period, that is, the hysteresis effect of water
level change in the slope is more obvious when the water
level rises. The water level sensitivity coefficient is also
affected by the change rate of the reservoir water level.
During the decline of the reservoir water level, the hyster-
esis of the water level change in the slope first decreases
and then increases with the increase of the decline rate.
When the reservoir water level drops at a medium rate,
the hysteresis of the water level in the slope is small and
reaches the lowest value at 0.07m/d. In contrast, in the
rising period of water level, the hysteresis becomes more
and more obvious with the rising rate of water level.
When the rising rate of reservoir water level is 0.15m/d,
the hysteresis effect reaches the peak. The influence of
dynamic change of water level on slope stability is mainly
in two aspects: @O groundwater will reduce the physical
and mechanical properties of slope rock and soil mass
and weaken the shear strength of slope and @ the rise

and fall of reservoir water will change the pore water pres-
sure in the slope; at the same time, it will also cause
scouring and softening argillization on the slope [23].

4.2. Analysis of Incremental Displacement Calculation
Results. The incremental displacement nephogram is the
increment of the last calculation step relative to the previous
calculation step. Its distribution can reveal the mechanism of
slope destruction and the location of the slip arc (potential
slip surface) [24]. In this paper, the slip arc under the limit
state is revealed by analyzing the displacement nephogram
under the condition that the landslide produces the maxi-
mum incremental displacement (Figure 9).

Incremental displacement of slope decreases gradually
from sliding surface to slope surface. In order to study the
variation characteristics of slope incremental displacement
with the fluctuation of reservoir water level, the incremental
displacement data under 24 working conditions are calcu-
lated and plotted (Figure 10).

The incremental displacement of the slope has a similar
change pattern in the drawdown stage (0-133 days) and the
rising stage (231-310 days), both of which increase first and
then decrease, and the incremental displacement range is
6.4~33.5 mm. However, during the stable operation period
of the two water levels, it showed abnormal. Although the
water level is relatively stable, the change of incremental dis-
placement is abnormal. On the contrary, it reached a peak of
52.88 mm at 168 days of low water level operation period
after the end of the period of significant water level decline
and then increased to 20.41 mm at 310 days of high water
level operation period after the end of the period of water
level rise. The slope shows the hysteresis accumulation of
deformation, that is, the deformation accumulates continu-
ously in the stage of water level change, and the deformation
scale is small. It will be released when the reservoir water
level is stable. In view of the hysteresis of slope deformation
with reservoir water level, two models should be studied.
The first is the sensitivity study of slope deformation with
reservoir water level. The deformation sensitivity coefficient
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FIGURE 10: Incremental displacement calculation results.

D, represents the sensitive effect of slope deformation with
the change of reservoir water level during the period of large
change of water level, that is, the extent to which the incre-
mental displacement is affected by the change of reservoir
water level. See formula (3) for calculation of deformation
sensitivity coefficient D_:

D
D.=-—, 3
°” AH, ®)

where D is the incremental displacement obtained under
each calculation condition and AH, is the change value of
water level height outside the slope. The second is the hys-
teresis cumulative effect of the two water level stable opera-
tion stages.

Here, the cumulative hysteresis coefficient C, is used to
represent the magnification of the displacement during slope

deformation release relative to the displacement during
deformation incubation. The cumulative hysteresis coeffi-
cient C, is calculated as shown in

AD,
C= 5o (1
where AD, is the average incremental displacement dur-
ing deformation incubation period and AD, is the average
incremental displacement during deformation release
period. The results of deformation sensitivity coefficient D,
and cumulative hysteresis coefficient C, calculated under dif-
ferent working conditions are shown in Figure 11.
According to the calculation results of deformation sensi-
tivity coefficient, the water level decline stage and the water
level rise stage show the opposite change trend. With the con-
tinuous decline of the water level, the deformation sensitivity
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F1GURE 11: Deformation sensitivity calculation results.

of the slope first increases and then decreases. The mean
values of the deformation sensitivity coeflicients obtained
under the three types of decline rates are as follows: rapid
decline D, = 1.62, medium decline D, = 22.2, and slow decline
D_=48.2. When the decline rate reaches 0.02m/d, the slope
deformation is most affected by the reservoir water level, and
the deformation sensitivity coeflicient reaches 115.3. When
the water level rises continuously, the sensitivity of slope
deformation decreases first and then increases. When the ris-
ing rate is 0.15m/d, the slope deformation is least affected by
the reservoir water level, and the deformation sensitivity coef-
ficient is 6.31. The calculation results of deformation sensitiv-
ity coeflicient show that when the reservoir water level drops
slowly, the groundwater in the slope is fully infiltrated, result-
ing in hydrodynamic pressure pointing out of the slope, and
the slope deformation is released to a certain extent. When
the reservoir water level rises, the dynamic water pressure
points to the slope. The faster the rising rate is, the greater
the difference between internal and external water pressure
is, the greater the antisliding force of the slope is, and the
deformation is restrained.

The calculation results of the cumulative hysteresis
coeflicient further confirm the above analysis. The cumula-
tive hysteresis coefficient intuitively reflects the deforma-
tion difference between the release period and the
incubation period of slope deformation. The larger the cal-
culation results are, the greater the deformation potential
of the slope in the incubation period of deformation is.
It can be seen from the calculation results that the cumu-
lative hysteresis coefficient in the water level falling period
is 2.3, and the cumulative hysteresis coefficient in the
water level rising period is 0.38; the former is about 6
times of the latter. This shows that the amount of defor-
mation during the period of water level decline is much
greater than that during the period of water level rise,
which is consistent with the above conclusion that the
deformation is restrained when the water level rises.

4.3. Stability Analysis Results. The stability calculation
results of Chana landslide under different working condi-
tions are shown in Figure 12. The stability coefficient
change curve of Chana landslide is generally divided into
five stages, corresponding to the four reservoir water level
change stages. O S stage (0~133 days): the slope stability
decreases with the decrease of water level, and the faster
the water level decreases, the faster the stability decreases.
The stability coeflicient reached the lowest value of 1.33 on
the 133rd day, when the slope just experienced a signifi-
cant decline in water level. @ Stage (133~173 days): the
slope stability gradually recovers under low water level
operation. At this stage, the reservoir water level was basi-
cally stable, and the bank slope was reduced by external
influences. The stability coefficient increased from 1.33 to
1.67, an increase of 26%. ® Stage (173~235 days): after
40 days of stability, the reservoir water level began to rise
and fall slightly, and the slope stability coefficient
decreased slightly, from 1.67 to 1.58, with a decrease of
only 4.4%. ® Stage (235~300 days): the slope stability
increases again with the rise of reservoir water level. The
stability coefficient increased from 1.58 to 1.82, with an
increase of 15.1%, indicating that the rise of the reservoir
water level improved the stability of the slope. ® Stage
(300~365 days): the slope stability has decreased under
the high water level, but still remains at a high level.
The stability coefficient gradually decreases from 1.82 to
1.76, a decrease of only 3%. The stability coefficient of
Chana landslide in high water level period is higher than
that in low water level period, which reflects that high res-
ervoir water level is helpful to maintain slope stability. The
subsequent downward trend also proved that the improve-
ment of slope stability by high water level was only
temporary.

The stability change of Chana landslide has a similar
trend with the change of reservoir water level. Here, the sta-
bility hysteresis coefficient S, is used to characterize the
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FIGURE 12: Variation curve of landslide stability coefficient.

hysteresis effect of slope stability with the change of reservoir
water level, that is, the degree to which the slope stability is
affected by the change of reservoir water level. See formula
(5) for the calculation of stability hysteresis coefficient S_:

AM
S, = ,
AH,

(5)

where AM is the change value of stability coefficient
and AH, is the change value of water level height outside
the slope. According to the stability coeflicient change curve
(Figure 12), the stability coefficients of the four water level
stable conditions are not different from those of the preced-
ing conditions. Therefore, when the reservoir water level is
unchanged, the slope stability will remain relatively stable.
When calculating the stability hysteresis coefficient of the
slope, if you participate in the calculation, the calculation
result is infinitesimal (the change of reservoir water level is
0m). The stability hysteresis coefficient S, calculated after
excluding abnormal points is shown in (Figure 13).

The mean value of the stability hysteresis coeflicient in
the slow decline period of the water level of the Chana
landslide reservoir is 0.127, the mean value of the stability
hysteresis coefficient in the medium decline period is
0.064, the mean value of the stability hysteresis coefficient
in the fast decline period is 0.048, the mean value of the
stability hysteresis coefficient in the slow rise period is
0.23, the mean value of the stability hysteresis coeflicient
in the medium rise period is 0.043, and the mean value
of the stability hysteresis coeflicient in the fast rise period
is 0.027. It can be seen from the change results of the sta-
bility coefficient that the rapid drop of water level (85~133
days) will lead to a sudden drop in stability, and the cor-
responding water level will also drop sharply, which leads
to a small stability hysteresis coefficient at this stage and a

more synchronous change; in the rising stage of the reser-
voir water level (235~300 days), the slope stability
increases steadily with the rising of the reservoir water
level. The change trend of the two is the same. There is
no repeated change of the stability in the falling stage of
the reservoir water level, so the calculated stability hyster-
esis coefficient is small as a whole; However, in the low
water level operation stage (133~235 days), the water level
of the reservoir in this stage does not change much in the
first 40 days, so the calculation results of the stability hys-
teresis coefficient vary greatly. The water level starts to rise
and fall slightly in the last 50 days, the slope stability coef-
ficient remains stable, and the hysteresis effect of the slope
stability should not be obvious. During the operation of
the reservoir, it is necessary to pay attention to the sharp
change of slope stability, which is often a sign of slope
instability. The above stability calculation results also show
that the rapid decline of water level will lead to a sudden
drop in stability. If you want to maintain a relatively small
change in slope stability, you need to reasonably adjust the
decline rate during the period of water level decline. The
significance of the stability hysteresis coefficient is to
determine the change rate of the reservoir water level
and keep the slope relatively stable. According to the cal-
culation results of the stability hysteresis coefficient, the
lower the water level decline rate is, the better. There is
a threshold value between them. When the decline rate
is 0.02 m/d, the stability hysteresis coefficient is 0.29, which
indicates that the slope stability change at this time is
quite large. To sum up, the stability coefficient of the slope
will drop sharply during the drawdown period of the res-
ervoir water level. The stability coefficient will gradually
recover during the low water level operation stage and con-
tinue to increase during the rising water level stage. Finally,
it will remain relatively stable during the high water level oper-
ation stage. If the stability coefficient of the slope changes
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relatively stably during the drawdown period, the drawdown
rate should be kept at 0.03~0.07 m/d.

5. Discuss

The slope stability coefficient is an intuitive expression of
whether the slope is stable or not. With the change of reser-
voir water level, the seepage field and deformation field of
the slope are changing, which jointly controls the stability
of the slope. In order to analyze the interaction of the three
hysteresis effects and the lack of research, the discussion is
carried out here.

In the hysteresis analysis of water level, the greater the
hysteresis coefficient of water level is, the greater the hyster-
esis effect of water level in the slope is, and the slow change
of water level in the slope has two effects on the slope: @ the
greater the hysteresis effect of water level in the slope is, the
greater the water pressure difference between inside and out-
side the slope is. @ The longer the immersion time, the more
obvious the softening and argillization of rock and soil mass.
These two kinds of effects exist globally with the change of
water level. By analyzing the calculation results of the stabil-
ity coeflicient of the slope, it is found that the stability coef-
ficient of the slope body increases during the rising period of
water level. At this time, the water pressure difference inside
and outside the slope body points to the slope, resulting in
the antisliding effect. However, the degree of water’s argilli-
zation and softening effect on the rock and soil mass is small,
so the antisliding effect is dominant. In the stage of water
level decline, the pressure difference between internal and
external water points out of the slope, resulting in sliding
increasing effect. The argillization and softening of rock
and soil mass also degrade the slope stability. Therefore,
the slope stability drops sharply under the superposition of
the two. In the low water level operation stage, the water
level rises and falls slightly at the same time, which involves
the dry wet cycle of rock and soil mass. The “water satura-
tion air drying” alternating action is a fatigue effect on rock

and soil mass, which will cause the deterioration of rock and
soil mass properties. Each time the effect may not be signif-
icant, but after repeated times, the loss will produce cumula-
tive development [25]. From the results, the slope stability
does decrease in the low water level operation stage, and
there is no clear standard for the degree of water softening
the rock. Therefore, it is very necessary to carry out relevant
research on the influence of water on the properties of rock
and soil mass of Chana landslide in the next step.

In the deformation hysteresis analysis, the deformation
of the slope is divided into deformation incubation period
and deformation release period by analyzing the deforma-
tion sensitivity coefficient. The deformation release period
is mainly concentrated between 133 and 234 days. During
this period, the internal deformation of the slope will
increase significantly. The lowest point of slope stability
occurs at the end of deformation incubation period and
the beginning of release period, that is, the 133rd day,
rather than the maximum point of incremental displace-
ment. Many scholars [26-28] pointed out that the stability
of many large slopes is controlled by the locked and fixed
sections of the potential sliding surface, such as rock brid-
ges and supporting arches. It should be emphasized that
the locked section has an energy accumulation effect,
which will store a large amount of elastic strain energy
before it is penetrated, and will be converted into slope
kinetic energy when the locked section breaks suddenly,
resulting in the high-speed start-up of the landslide [29].
Chana landslide once experienced high-speed sliding in
1943, which is highly destructive. Based on the deforma-
tion sensitivity coefficient and stability calculation results,
combined with the facts, it is inferred that Chana landslide
is a locked landslide, and there is a locked section on its
potential sliding surface, thus controlling the stability of
the slope. In the final analysis, the stability analysis of
landslide is for disaster prevention and mitigation. How-
ever, even for the slope with monitoring and early warn-
ing, there are few successful cases, which largely lies in
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the lack of clear physical and mechanical basis of the pre-
diction model based on experience or statistics, and the
lack of universality of the critical sliding threshold. In view
of the difficulty in monitoring and early warning of land-
slide occurrence, we can combine the theory of hysteresis
effect to calculate the hysteresis effect of landslide, analyze
whether the landslide has anti sliding mechanism, and
then determine the stress release period of landslide in
the process of reservoir water level change, focus on mon-
itoring the displacement of landslide in the stress release
period, and grasp the time of large-scale displacement
activities of landslide, so as to improve the accuracy of
landslide early warning. In addition, by analyzing the hys-
teresis effect of landslide, the optimal speed of reservoir
level rise and fall can also be calculated to provide a refer-
ence scheme for reservoir operation and increase the slope
stability by artificial control.

6. Conclusion

Taking Chana landslide in Longyangxia Hydropower Sta-
tion area as the research object, this paper studies the hyster-
esis effect of slope stability in the process of reservoir water
level fluctuation, and draws the following conclusions:

(1) The calculation results of seepage field show that the
water level hysteresis coefficient in the rising period
of reservoir water level is 1.7~2.2 times that in the
falling period, and the hysteresis effect of water level
change in the slope is more obvious. When the reser-
voir water level drops, the hysteresis of the water
level change in the slope first decreases and then
increases with the increase of the decline rate, and
the decline rate when the hysteresis is the lowest is
0.07m/d. When the reservoir water level rises, the
hysteresis of the water level change in the slope
increases with the increase of the rising rate

(2) The results of incremental displacement calculation
show that there are deformation incubation period
and deformation release period of Chana landslide
with the fluctuation of reservoir water level. The
deformation potential in the period of water level
falling is greater than that in the period of water level
rising, and the deformation of the slope is restrained
when the water level rises

(3) The stability calculation results show that the stabil-
ity coefficient of Chana landslide will drop sharply
during the water level decline period, and the stabil-
ity coefficient will gradually recover when the water
level remains stable or rises. In order to reduce the
variation amplitude of the stability coefficient of the
slope during the drawdown period, the drawdown
rate of the reservoir water level should be maintained
at 0.03~0.07 m/d

(4) Combined with the sliding history and research
results of Chana landslide, it is speculated that
Chana landslide is a locked landslide, and there is a
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locked section at the sliding surface. The energy
accumulation effect of the locking section controls
the relative stability of the slope
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