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Abstract: The construction of major hydropower projects globally is challenged by slope deformation
in reservoir areas. The deformation and failure mechanisms of large rock slopes are complex and
poorly understood, making prevention and management extremely challenging. In order to explore
the influence mechanism of the water level variation on the deformation of steep toppling bedding
rock slopes, this paper takes the right bank slope near the dam area of the Longtou Hydropower
Station as an example, and field investigations, deformation monitoring, physical simulation tests
and numerical analyses are carried out. It is found that the slope deformation response is obvious
under the influence of the reservoir water level variation, which is mainly reflected in the change in
the slope groundwater level, rock mechanical parameters and seepage field in the slope body. The
toe of the slope produces plastic deformation and maximum displacement. With the increase in the
reservoir water level, the plastic zone expands and the displacement increases, which leads to the
intensification of the slope deformation. This paper puts forward that the deformation and failure
modes of the steep and toppling bedding rock slope caused by water level variation are due to shear
dislocation, bending deformation and toppling fracture. This study reveals the influence mechanism
of the water level variation on the deformation of steep and toppling bedding rock slopes, which can
provide theoretical support for the construction of major hydropower projects.

Keywords: water level variation; steep and toppling bedding rock slope; influence mechanism;

deformation monitoring; numerical analyses

1. Introduction

Toppling is among the most common deformation types in steeply bedded rock
slopes. With the construction of high dams in large rivers, various toppling deformations
have occurred in reservoir areas, and water level variations have triggered or accelerated
deep-seated toppling deformations [1,2]. The phenomenon of toppling deformation and
failure is ubiquitous in layered anti-dip rock slopes [3-5]. Many scholars have studied the
evolutionary mechanism of slope toppling deformation.

Slope toppling deformation is a process of river valley evolution and bank slope
formation. The rock layer begins to bend from the front edge of the slope body to the air
direction under the action of the maximum principal stress of the parallel slope surface,
which gradually develops into the slope, finally causing the rock layer to break at the root
and form the toppling deformable body [6-14]. In addition, the toppling failure evolution
in soft-hard interbedded anti-dip rock slopes shows that the rock layers of one type of
lithology are destabilized first, and then the other rock layers begin to fail until the entire
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slope undergoes flexural toppling [15]. The water level variation is an important factor
affecting the stability of bank slope toppling deformation.

Studies have shown that a decrease in the reservoir water level combined with a
long weak rainfall is more likely to trigger a landslide, and the influence of rainfall on
slope stability is significantly smaller than that of the water level change on the slope
stability [5,16]. Finite element software and physical model experiments indicate that the
safety factor when the water level drops rapidly is generally slightly lower than the safety
factor when the upstream water level rises rapidly [17-28]. Studies have also indicated that
there is a progressive development to the plastic shear strain zone within the slope as the
number of water level variation cycles is increased, and the change in the seepage field is
closely related to the water level variation [29,30].

However, these studies did not address the deformation mechanism of steep and top-
pling bedding rock slopes under water level variation. Therefore, this paper considers the
right bank slope near the dam area of the Longtou Hydropower Station as an example, and
studies its deformation mechanism through field investigations, deformation monitoring,
physical simulation tests and numerical analyses. This paper aims to provide theoretical
support for the engineering safety of power stations and enhance the understanding of the
toppling deformation mechanism of bedding slopes.

2. Geological Background

The research area is located in the Baishui River basin in western China (Figure 1). The
research object is the bank slope at the Longtou Hydropower Station reservoir. The region
terrain is high in the northwest and low in the southeast, and the elevation is between
4764 m and 1160 m. The Huya fault is located on the eastern edge of the Tibet Plateau [31],
which has a great influence on the regional geological structure, and it was the presumed
cause of the “8.8” earthquake in Jiuzhaigou Valley.
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Figure 1. Location and regional geological map of the research area: (a) Map of China; (b) Map of
Sichuan Province; (c) The regional geological map.

As shown in Figure 2, the surface of the bank slope is the fourth layer (P1h1%) of the
Lower Permian Heihe Formation. The lithology is gray feldspar quartz sandstone with
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a small amount of phyllite. The main overlying layers in the research area are alluvium
(Q4") in the riverbed, aeolian loess (Q,.3) in the upper gentle slope and avalanche deposit
Q4! on the slope. The slope developed 148 interlayer extrusion zones, and they
are composed predominantly of mylonite, which exhibits strong weathering and weak
properties. These characteristics provide structural conditions conducive to the surface
rock mass deformation of the slope.
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Figure 2. Engineering geological plan.

3. Engineering Geological Zoning

As shown in Figure 3, a toppling bedding slope was developed near the right bank of
the dam.

Slope boundary

A
\

Figure 3. Slope panoramic picture.

The typical section 1-1" (Figure 4) reveals that the slope with a width of approximately
420 m upstream along the river, a height of 2580 m at the back edge and 2260 m at the
front edge, and a height of approximately 320 m developed toppling deformation at a
volume of approximately 7.3 million m3. The rock mass of the slope is composed of thin—
medium-thick sandstone. The strike angle between the stratum and the bank slope is
50-70°, and the dip angle is 50-80°. The rock mass structure gradually changes from a
stratified—cataclastic structure to a cataclastic-stratified mosaic structure. The right bank is
in constant creep deformation.
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Figure 4. Engineering geological profile of typical section 1-1".

3.1. Slope Toppling Deformation Characteristics

Seven long cracks had developed in the slope according to the field investigation.
Table 1 lists the basic characteristics of the cracks. Most of their shapes are dentation, and a
few are wavy; their plane forms vary from straight lines to broken lines to arcs. The crack
strike angle is SN-80° NW, and the cracks have a width of 3 x 1073 m-5 x 10~! m. The bot-
tom settlement formed a platform, and the height of the platformis 1 x 1072 m—4 x 10~ m.

Table 1. Distribution characteristics of the slope cracks.

. Platform .
Number Length (m) Width (m) Depth (m) Height (m) Shape Strike Angle
2 x 1072- 1 1x1072- .
1 25 3 x 1072 1x10 2 x 1072 Dentation 10-20" NW
3 x 1073- Les than 5
2 30 5x 1073 1x 1072 30° Nw
3 55 2 x 107 1= 12 3x 107 1= Dentati 50° NW
4 110 3% 10-1 - 4% 101 entation SN-50° NW
2 x 1071- 2 x 1072- Dentation and o
> %0 3x 107! 3 5x 1072 wavy 137 NW-SN
2 x1071- 2 x 1072-
6 140 5% 107! 3 5x 1072 Dentation
7 29 5 % 102 1x1071- 50-80° NW
2 x 1071

In order to investigate the structure, weathering, unloading and deformation failure
characteristics of the rock mass of the slope, and to determine if there is a controlling
structural plane or weak zone that affects its stability, we investigated the 1-1 and 1-2 adits.

The structural characteristics of the 1-1 adit rock mass are shown in Figure 5. From
0 m to 35 m, the internal rock mass is obviously loose and the unloading fracture and
compression zone were also developed. From 35 m to 80 m, the rock mass is mainly
cataclastic and the thin-layer rock is broken. From 80 m to 170 m, the rock mass is cataclastic
to the thin-layer structure and no continuous tensile cracks or weak interlayers are observed.
From 170 m to 200 m, the rock mass has a thin-layer structure with weak weathering and
unloading phenomena, and the cave wall is dry.
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Figure 5. Sketch of the 1-1 adit.

The structural characteristics of the 1-2 adit rock mass are shown in Figure 6. From 0 m
to 30 m, the rock mass is mainly cataclastic, with strong tensile fracture, slack disintegration
and an obvious overhead phenomenon. From 30 m to 80 m, the dip angle generally changes
from a gentle dip to a moderate dip, and strong tensile deformation occurs. From 80 m to
141 m, the rock mass has a stratified—cataclastic structure, the dip angle generally changes
from moderate to steep and the crushing phenomenon of the rock blocks can be seen locally.
From 141 m to 180 m, the rock mass is sandstone with a small amount of slate with a
thin-layer cataclastic structure.

/Outside the slope Dommau \ “‘- h Ry

Figure 6. Sketch of the 1-2 adit.
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3.2. Slope Toppling Deformation Zoning

As shown in Figure 7, with the increase in the dip angle of the rock stratum, the
deformation is intensified. The degree of the slope rock mass toppling deformation is cate-
gorized into ” strong topphng—loosemng fracture zone”, “strong toppling—weak loosening
fracture zone” and “toppling zone” in Figure 8. Through comparative analyses of the rock
mass occurrence, weathering, unloading, structural characteristics and signs of toppling
deformation, we grasped the distinct deformation and failure characteristics associated
with each toppling deformation zone.
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Figure 7. Relationship of rock mass toppling deformation with the dip angle and horizontal depth.
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Figure 8. The toppling deformation degree (with the increase in the toppling deformation degree, the
deformable body is divided into the normal rock mass, the toppling zone, the strong toppling-weak
loosening fracture zone and the strong toppling-loosening fracture zone).

3.3. Slope Engineering Geological Zoning
Based on the characteristics of the slope structure, the slope near the right bank of the
dam is divided into three areas, as shown in Figure 9.
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Figure 9. Zoning map of the slope. The slope is divided into 3 zones: zone II has 3 small zones and
zone III has 2 small zones.

Zone 1 is a stratified transverse slope, located from the upper ridge to the No. 3 ditch,
and is 200 m long along the rerouted road. Its lithology is mainly sandstone and slate with
phyllite, and no deformation signs were observed. Zone Il is a stratified dip slope, which
can be divided into zone II-1 and zone II-2. The upstream area of zone II-1 is bounded
by the topping fracture line, and the downstream boundary is the No. 2 ditch. The length
is approximately 300 m, and the lithology is mainly composed of sandstone and slate
with phyllite. Zone II-2 is located between the No. 1 ditch and No. 2 ditch, the length
is about 200 m, the upper elevation is about 2560 m and the relative height difference is
approximately 300 m. The rock mass generally has a cataclastic structure. Zone IIl is a
stratified transverse slope, bounded by the upstream of the No. 1 ditch and extending
downstream to the entrance of the rerouted highway tunnel. Its length along the river is
approximately 220 m. The lithology is thick sandstone and a small amount of phyllite. The
occurrence of rock strata is 15-40° NW £60-85° NE, and the intersection angle with the
slope is 55-80°. There were no obvious signs of slope deformation above the highway.

4. Deformation Monitoring
4.1. Monitoring Point Arrangement

Previous studies have highlighted the importance of monitoring and understanding
the impact of changes in reservoir water levels on the stability of reservoir bank land-
slides [22,25,26]. To monitor the slope deformation, surface displacement monitoring
points were assessed on the slope, as shown in Figure 10. The slope experienced reservoir
filling and the Jiuzhaigou earthquake, and based on the timeline of these occurrences, the
monitoring duration could be divided into two stages. The first stage was from April 2013
to September 2014 and the second stage was from September 2014 to November 2021.
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Figure 10. Monitoring point layout.

4.2. Monitoring Result Analyses

Slope deformation mainly exists in zone II. As shown in Figure 11, at the first
stage, zone II-1a was less affected by the water level variation, the deformation degree
was relatively slow and the maximum deformation was 183 mm. The deformation re-
sponse of zone II-1b under the action of the water level variation was more significant,
and the maximum deformation was 444 mm. The structural plane of the rock mass
in zone II-2 was relatively developed. By September 2014, the maximum deformation
was 634 mm and the average value of the deformation increase in each zone was as fol-
lows: zone II-1b > zone II-2 > zone II-1a (Figure 12). According to the deformation rate
(Figure 13), when the reservoir water level rose, the overall deformation rate of the slope
accelerated. In addition, there was a period where the reservoir water level decreased
and the deformation rate increased again, and the displacement rate of zone II-1b reached
15 mm/day. Evidently, slope deformation has a certain response to the water level variation.
From 24 to 26 August 2013, when the reservoir water level suddenly decreased, the overall
slope deformation rate increased. Therefore, the decrease in the water level has a greater
impact on the slope deformation, which is in accord with the previous studies [16-21,28].

As shown in Figure 14, at the second stage, the maximum deformation of zone II-1a
was 630 mm, zone II-1b was 1718 mm and zone II-2 was 1421 mm. Figure 15 shows the
average value of the deformation increase in each zone was consistent with the first stage.
According to the deformation rate (Figure 16), from September 2014 to September 2015,
the water level was from 2320 m to 2370 m and the slope deformation accelerated. The
deformation rate of zone II-1b was the highest, followed by zone II-2. Subsequently, the
reservoir water level decreased from 2370 m to 2330 m, and the deformation rate remained
high. The deformation rate in zone II-1b was 36 mm/day, lagging behind the decrease in
the water level. From October 2015 to September 2016, the change in the water level in the
second year was the same as that in the first year, and the slope deformation response was
basically the same. The deformation response degree was greater when the reservoir water
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level decreased compared to when the water level rose. In summary, the power station had
the greatest influence on the slope deformation in the second stage. Thereafter, although
the slope experienced several cycles of reservoir water level variation, the deformation
increased gently and no significant displacement mutation was observed.
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Figure 11. Displacement curve from 1 March 2013 to 1 September 2014.
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Figure 12. Cumulative displacement from 1 March 2013 to 1 September 2014.
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Figure 13. Displacement rate from 1 March 2013 to 1 September 2014.
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Figure 16. Displacement rate from 1 September 2014 to 1 September 2016.

4.3. Surface Deformation Zoning

Displacement rate mm/d

Based on the average deformation amount and deformation rate of each region over
the monitored period, the slope deformation zone was divided into two large regions, as
shown in Figure 17, which is consistent with the engineering geological zoning. The average
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cumulative deformation of zone II-1a was 1596 mm, that of zone II-1b was 2396 mm, that
of zone II-2 was 2037 mm and that of zone IIl was 788 mm. The cumulative deformation
was as follows: zone II-1b > zone II-2 > zone II-1a > zone III. From the analyses of the
deformation rate, we found that the deformation rate of zone II-1b was essentially identical
to that of zone II-2, and the average deformation rate was 0.32 mm/day to 0.68 mm/day;
the average deformation rate of zone II-1a was 0.26 mm/day to 0.44 mm/day. The
deformation rate of zone III was 0.08 mm/day to 0.23 mm/day.

103°46'30" 103°46'40" 103°46'50"

Figure 17. Slope deformation zone (according to the cumulative displacement, the slope is divided
into 5 zones, and they are similar to the engineering geological zoning).

Based on the deformation monitoring data, the slope displacement vector was drawn
to analyze the deformation evolution characteristics of the slope. The displacement vector
direction in zone II-1a was 6-15° NE and tended downstream, and the displacement
developed slowly over time (Figure 18a—c). The displacement vector direction of zone II-1b
was 10-20° NE and orthogonal to the slope direction, and the displacement developed
rapidly, as shown in Figure 18c. The displacement vector direction in zone II-2 changed
slightly. At the first stage (Figure 18a), the displacement vector direction was approximately
15° NE. Thereafter, the displacement vector direction of the slope was approximately
10° NE, consistent with the slope direction, and the displacement developed slowly over
time. The displacement vector direction of 5-10° NE in zone III was basically consistent
with the slope direction, slightly downstream, and the displacement developed rapidly, as
shown in Figure 18b,c.

Accordingly, there were minor disparities in the displacement vector direction in each
area; however, it basically intersected positively with the slope and was oriented toward
the reservoir, indicating deformation in that direction.
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103°46'50"

Figure 18. Displacement vector: (a) Before the first stage of water storage; (b) Stage I water storage to
stage Il water storage; (c) After the second stage of water storage. The red arrow means the maximum
displacement, and the blue arrow means the minimum displacement.

5. Influence Mechanism of Water Level Variation
5.1. Deterioration of Rock Mass Caused by Water Level Variation

The samples collected from the toppling deformation area were subjected to a strength
test through water saturation and dry-wet cycles. The samples were saturated with water
for 8 days, kept in a dryer at a constant temperature of 50 °C to air dry for 1 day and
immersed in water for 2 days as a part of a dry and wet cycle. Then, they were formed into
a 50 mm diameter and 100 mm high standard sample for the experiment.

Water level variation will soften the rock and soil on the banks and decrease the shear
strength of the rock soil on the banks, in turn affecting the landslide stability [19]. The shear
strength of the three samples deteriorated to different degrees under water saturation. The
cohesion and friction angles both exhibited downward trends, and the reduction in the
cohesion was greater than that of the friction angle. After 4 days of water saturation of
the samples in the fault fracture zone and the strong topping and loosening fracture zone,
the cohesion and friction angle of the fault fracture zone were 47 kPa and 25.7°, and the
cohesion and friction angle of the strong topping and loosening fracture zone were 65 kPa
and 26.3° (Figure 19a). After 90 days of water saturation of the normal rock mass, the total
deterioration degree of the cohesion and friction angle were 47.50% and 12.14%. After
30 days, the deterioration of the shear strength gradually slowed (Figure 19b).

@ 90 30 I_b_l 30 43
—e—The cohesion of fault fracture zone ] K
80 1 —e— The cohesion of strong toppling loosening zone o i === The cohesion of mormal rock mass a >
. § J B
B —+— The friction angle of fault fracture zone lg 5 & o )
¥ 70 —+—The friction angle of strong toppling loosening zone El ) 20 —+—The friction angle of normal rock mass %9 g
£ : 5 =
g 60 1 g 'z )
2 F26 5 9 =
) 2 =15 4 F37.2
S 50 = 8 =
10 T T T T 35
40 T T T 24
0 5 10 15 0 20 40 60 80 100
Saturation time (Day) Saturation time (Day)

Figure 19. Rock deterioration curve under the saturation state: (a) Cohesion and friction angle of the

fault fracture zone and strong toppling—loosening zone; (b) Cohesion and friction angle of the normal
rock mass.

As shown in Figure 20, the deterioration of the friction angle of the sample in the fault
fracture zone decreased after two dry—wet cycles, while the cohesion decreased linearly.
After two dry and wet cycles, the cohesion and friction angles of the samples in the strong
topping and loosening fracture zone were 69 kPa and 26.4°, and the deterioration degree
was 9.21% and 3.30% (Figure 20a). The “inflection point” of the deterioration curve of the
normal rock mass also appeared after two dry-wet cycles, and its cohesion and friction
angle were 10.6 MPa and 37.9° (Figure 20b).
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Figure 20. Rock deterioration curve under the dry—wet cycle state: (a) Cohesion and friction angles of
the fault fracture zone and strong toppling—loosening zone; (b) Cohesion and friction angle of the
normal rock mass.

5.2. Influence of Water Level Variation on Seepage Field

Considering the typical section as the calculation model in Figure 21, the boundary
of the variation in the reservoir water level is represented by a blue line in the model and
the boundary water level on the left side of model is 2400 m, represented by a red line.
The experimental parameters of the rock mass are shown in Table 2 and the volumetric
water content and hydraulic conductivity are shown in Figure 22. The water level variation
ranges from 2320 m to 2370 m, and the rise and decrease rates are 0.4 m/day, 0.8 m/day
and 1.6 m/day (Table 3). The Seep/W module in the Geostudio numerical simulation
was used to simulate the dynamic characteristics of the groundwater seepage field under
various working conditions.

Material
[ Interbedded sandstone and slate

[ Slate

[ Avalanche deposit

[ Sand soil layer

[ Fault-affected zone

[ Strong toppling weak loosening fracture zone
[ Strong toppling loosening fracture zone

3 Toppling zone

2750

2700

2650

2600

2550

2500

2450

2400

Elevation (m)

2350
2300
2250

2200
0 100 200 300 400 500 600 700 800 900

Distance (m)
Figure 21. Computational model.
Table 2. Calculation parameters of the slope structural plane: A: avalanche deposit; B: sand soil

layer; C: strong toppling-loosening fracture zone; D: strong toppling—weak loosening fracture zone;
E: toppling zone; F: fault-affected zone; G: interbedded sandstone and slate; H: slate.

Category A B C D E F G H
Osmotic
coefficient 3x107° 3x107° 6x10°  3x107® 1x10°° 3x107° 9%x107° 1x10°8
(m/s)
Saturated
water content 60 60 14 15 16 16 15 18
(%)
Density 2.14 251 7.65 251 25 2.39 25 2.39
(g/cm”)
Poisson’s ratio 0.33 0.25 0.35 0.33 0.33 0.33 0.25 0.24
Cohesion
(x10 kPa) 0 0 7.5 20 27 10 43 40
F“Ct“’?f;l angle 28 25 26.5 285 29 265 41 40
Elasticity
modulus 0.1 5 0.35 0.75 1 0.35 6.5 5

(x 106 kPa)
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Figure 22. Volumetric water content and hydraulic conductivity: A: avalanche deposit; B: sand soil
layer; C: strong toppling-loosening fracture zone; D: strong toppling—weak loosening fracture zone;
E: toppling zone; F: fault-affected zone; G: interbedded sandstone and slate; H: slate.

Table 3. Analog rate of change (m/day).

Water Level
Fluctuation Vi (m/day) V; (m/day) V3 (m/day)
2320-2370 (rise) 04 0.8 1.6
2370-2320 (decrease) 0.4 0.8 1.6

A study has shown the seepage field inside of the slope subjected to the variation
in the reservoir water level [30]. As shown in Figure 23, when the reservoir water level
rose, the groundwater level in the slope was affected by the seepage field. The rise in the
groundwater level lagged behind the rise in the reservoir water level, resulting in an overall
seepage line on the bank slope that exhibited a downward convex shape (Figure 23a—c).
The hydraulic gradient (the slope of the seepage line) of the bank slope increased gradually
with the increase in the distance, and the hydraulic gradient increased at the same distance
with the water level increase rate increasing (Figure 23d).
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Figure 23. Seepage field and seepage curve with different rates of water level increase: (a) Water level
increases at a rate of 0.4 m/d; (b) Water level increases at a rate of 0.8 m/d; (c) Water level increases
at a rate of 1.6 m/d; (d) Seepage curve at different rates of water level increase.
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As shown in Figure 24, when the reservoir water level decreased, the groundwater
level in the slope was affected by the seepage field. The decrease in the groundwater level
lagged behind the decrease in the reservoir water level, resulting in an overall seepage line
on the bank slope that exhibited an upward convex shape (Figure 24a—c). The hydraulic
gradient (the slope of the seepage line) of the bank slope increased gradually with the
increase in the distance of the bank slope, and the hydraulic gradient increased at the same
distance with the water level decrease rate increasing (Figure 24d). Whether the reservoir
water level increases or decreases, the groundwater level lags behind the reservoir water
level. In a word, the findings indicate a clear time-lag response in the reservoir bank slope
deformations to the water level changes [27].
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Figure 24. Seepage field and seepage curve with different rates of water level decrease: (a) Water
level decreases at a rate of 0.4 m/d; (b) Water level decreases at a rate of 0.8 m/d; (c) Water level
decreases at a rate of 1.6 m/d; (d) Seepage curve at different rates of water level decrease.

5.3. Slope Deformation Response under Water Level Variation

In order to further investigate the deformation response characteristics of the toppling
slope influenced by the reservoir water, we analyzed the deformation rule in various
sections of the toppling slope under different situations of reservoir water level variations,
ranging from one to five times. In addition, according to the reservoir water level variation
characteristics, the model was divided into the above-water area, the water-level-variation
area and the saturation area (Figure 25). The physical parameters of the rock mass are
shown in Tables 4 and 5.

Table 4. Physical and mechanical parameters: C: strong toppling—loosening fracture zone; D: strong
toppling-weak loosening fracture zone; E: toppling zone; F: fault-affected zone; I: river bed deposit; J:
strong unloading rock mass; K: weak unloading rock mass; L: normal rock mass.

Cateeo Density Deformation Modulus Poisson’s Rate Cohesion Frictional Angle

gory (g/cm?) (x10° kPa) (x10 kPa) ©)

I 2.1 1 0.35 0 28

C 2.35 3.5 0.35 7.5 26.5

D 2.45 7.5 0.35 20 28.5

E 2.45 15 0.3 28 29

] 2.45 20 0.35 38 37

K 245 40 0.3 28 32

F 2.35 3.5 0.35 10 26.5

L 2.45 65 0.25 42 42
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Figure 25. Zones in the model (the model is divided into the saturation area, fault, water-level-

variation area and above-water area).

Table 5. Parameters under water level variations: C: strong toppling-loosening fracture zone; D:
strong toppling—weak loosening fracture zone; E: toppling zone; F: fault-affected zone; L: normal

rock mass.
Category Water Level Variation Cycles 1 2 3 4 5
Elasticity modulus (x 10° kPa) 6.50 5.75 5.40 5.01 4.81
Viscoelasticity modulus (x 106 kPa) 10.89 9.63 9.04 8.40 8.05
L Poisson’s rate 0.30 0.31 0.31 0.31 0.31
Cohesion
(kPa) 252 202 177 160 150
FriCﬁOEL";I angle 39.0 37.9 37.3 37.0 36.8
Elasticity modulus (x10° kPa) 0.35 0.30 0.29 0.27 0.25
Viscoelasticity modulus (x 106 kPa) 0.59 0.51 0.48 0.46 0.43
F Poisson’s rate 0.38 0.39 0.39 0.39 0.39
Cohesion
(kPa) 60 48 42 38 36
FriCﬁO?Oa)l angle 24.2 233 229 227 25
Elasticity modulus (x10° kPa) 15 1.32 1.24 1.16 0.63
Viscoelasticity modulus (x 106 kPa) 2.45 2.16 2.03 1.89 1.03
E Poisson’s rate 0.34 0.35 0.35 0.35 0.35
Cohesion
(kPa) 168 134 118 106 100
F riCtiO?f;l angle 26,5 25.6 25.1 24.9 247
Elasticity modulus (x 10° kPa) 0.75 0.67 0.62 0.59 0.55
Viscoelasticity modulus (x10° kPa) 1.19 1.06 0.98 0.93 0.88
C Poisson’s rate 0.38 0.39 0.39 0.39 0.39
Cohesion
(kPa) 150 120 106 95 89
FriCtio?oa)l angle 26.0 25.1 247 245 243
Elasticity modulus (x 106 kPa) 0.35 0.30 0.29 0.27 0.25
Viscoelasticity modulus (x 10° kPa) 0.59 0.51 0.48 0.46 0.43
D Poisson’s rate 0.38 0.39 0.39 0.39 0.39
Cohesion
(kPa) 450 360 317 285 268
Frictional angle 242 233 229 27 225

©)
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As shown in Figure 26, at the situation of a single time of reservoir water level variation,
the plastic zone and deformation of the slope were mainly concentrated at the toe of the
slope. The toppling deformable body was located in the plastic deformation zone. The
direction of the displacement vector pointed outward from the slope (Figure 26b). The
most significant deformation area, with approximately 0.05 m XY direction displacement,
was located on the slope surface near the normal storage water level. The deformation
degree decreased with the inner extension of the slope. The slope above the storage water
level also deformed by 0.012 m to 0.048 m, and the overall deformation was smaller than
that of the rock mass in the water-level-variation area and the saturated area (Figure 26a).
As shown in Figure 27b, for the situation of five times of reservoir water level variations,
the deformation rules of the slope were the same as a single time of reservoir water level
variation, and the differences were the XY direction displacement of 0.12 m and the slope
deforming by 0.015 m to 0.12 m (Figure 27a).

@ XY—Dispacement
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Figure 26. Results under a single time of reservoir water level variation: (a) Displacement result;
(b) Displacement vector and plastic deformation.
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Figure 27. Results under five times of reservoir water level variations: (a). Displacement result;
(b) Displacement vector and plastic deformation.

According to the comparison of the slope deformation characteristics under the two
situations, we make the following conclusions: under the two situations, the plastic defor-
mation and the maximum displacement are mainly concentrated at the toe of the slope;
under water level variations, the deformation response of the toppling deformable body is
intensified, which is mainly manifested as the expansion of the plastic zone and an increase
in the displacement with the increase in the variation times [5,28]. These observations are
consistent with the monitoring results.

5.4. Discussion

A study has shown that, when the water level decreased, the displacement of the
slope front deformable body increased significantly, reaching 0.02 m [1]. In this paper,
the numerical analyses showed that the slope above the storage water level deformed by
0.012 m to 0.048 m, which is similar to the study. The water level fluctuation had been
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leading to the seepage field variation in the bank slopes [10]. Combined with the numerical
analysis results of the slope deformation response under the action of the reservoir water,
it can be concluded that the variation in the reservoir water changes the seepage field of
the underground water inside of the slope; then, the seepage pressure caused by the water
level difference can increase the landslide displacement [9], and the dry and wet cycling
effect decreases the mechanical strength of the rock mass, causing the front to produce a
plastic zone and to continuously expand [5], which ultimately promotes the deformation of
the rock mass and accelerates the process of slope creep and toppling. The deformation
response process can be divided into the following stages. The steep bedding rock mass
will initially topple and deform due to the downward cutting of the valley in the early stage
(Figure 28a). Then, the reservoir water level variation leads to the deterioration of the rock
mass, the shear strength of rock at the toe of the slope gradually decreases and the rock
stratum at the toe of the slope will creep (Figure 28b). Under the continuous gravity action
of the upper rock stratum, the rock stratum at the toe of the slope will shear slide, which
provides a new movement space for the rear toppling rock mass. With the development
and evolution of fractures, the strong toppling rock mass at the rear of the slope further
topples and deforms. Moreover, it is also due to the existence of the fault fracture zone
in the slope, which has a strong promotion effect on the overall sliding of the toppling
deformable zone along the structural plane (Figure 28c).

@
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A 4 rebound
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Figure 28. The deformation response process of the water level variation: (a) The steep bedding rock
mass topples and deforms due to the downward cutting of the valley and the unloading rebound in
the early stage; (b) The reservoir water level variation leads to the deterioration of the rock mass, and
the rock stratum at the toe of the slope will creep; (c) The strong toppling rock mass at the rear of the
slope further topples and deforms, and the shear slide occurs in the middle and lower parts of the
slope. The slope toppling deformation is aggravated by the development and evolution of tensile
cracks in the rock mass.
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The main influencing factor of the landslide is the reservoir water level change [17].
In this paper, the evolution of the valley and the water level variation over a long time
triggered or accelerated the toppling deformations; then, the slope had a “bending creep”
deformation, some of the rock mass had a partial toppling fracture and the surface rock
mass in the middle and lower parts of the slope had a shear slide. The formation and
development of the deformable body mainly experienced three evolutionary stages of rock
mass unloading rebound (Figure 29a), rock mass toppling creep (Figure 29b) and partial
fracture (Figure 29c), as shown in Figure 29 below.

Unloading rebound stage @ /

T ]

Toppling creep stage \ 4 [E /

Partial fracture stage w //

100

100 0

Figure 29. The evolutionary stages of the deformable body: (a). Unloading rebound stage;
(b) Toppling creep stage; (c) Partial fracture stage.

According to the adit investigation, as shown in Figure 30, it is also found that
there are slide and fracturing deformation phenomena in a certain range of the slope,
forming a toppling deformation failure zone. An early study revealed a “slip-toppling
deformation” failure mode in the steep and toppling rock slope [13], but it did not carry out
in-depth research. This paper studied the development distribution, boundary conditions,
deformation and failure characteristics and rock mass structure of the toppling deformable
body, and put forward that the deformation and failure modes of the steep toppling
bedding rock slope induced by water level variation are due to shear dislocation, bending
deformation and toppling fracture.
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Shear slide phenomenon
100 0

Figure 30. The slide and fracturing deformation phenomena. The arrows mean the direction of slip.

6. Conclusions

This research focused on a steep and toppling bedding rock slope near the dam area
of the Longtou Hydropower Station in the Baishuijiang River basin. Combining field
investigation and monitoring data with Geostudio numerical simulation, we explored
the deformation mechanisms under water level variations. The specific conclusions are
as follows:

(1) Water level variation significantly impacts the deformation of the steep toppling
bedding rock slope. Regardless of whether the water level increases or decreases, the
slope deformation intensifies. Notably, the decrease in the water level has a more
pronounced influence on the slope deformation, with a greater increase in the overall
deformation and deformation rate.

(2) By analyzing the dynamic characteristics of the groundwater seepage field, as well as
the strength test under saturation and dry and wet cycling under different rise and
decrease rates of the reservoir water level, it is revealed that the increase and decrease
in the water level change the range of the seepage line and hydraulic gradient in the
slope, and deteriorate the strength of the rock mass, which accelerates the process of
slope creep fracture and bending and toppling.

(3) Theresearch shows that the evolution process of slope toppling deformation is divided
into the following three stages: the unloading rebound stage, toppling creep stage and
partial fracture stage. Based on the analyses of the deformation boundary, rock mass
structure and deformation and failure characteristics, the deformation and failure
modes are summarized as the shear dislocation, bending deformation fracture and
toppling fracture.
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