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Slope deformation and failure are major challenges for hydropower station engineering. Taking the left bank slope at the exit of the
ﬂood discharge tunnel of the Wudongde Hydropower Station in China as an example, the deformation mechanism of the highsteep rock slope was studied. The height of the slope is about 200 m, which is aﬀected by slope excavation, rainfall, and
atomized rain. The results of multipoint displacement meters, surface deformation monitoring, and anchoring stress meters
showed that the deformation and deformation rate of the slope have increased dramatically. Through the comprehensive
analysis of the slope, it is found that the overall lithology of the slope is poor, the excavation disturbance causes the
redistribution of the stress in the slope, and the excavation surface is relatively steep, which provides space for the deformation
of the slope rock mass. Unloading relaxation leads to a large number of new ﬁssures in the slope rock mass. These new ﬁssures
and fault fracture zones provide convenient conditions for rainfall and atomized rain inﬁltration. The rainwater inﬁltrated along
the slope surface, formed the seepage ﬁeld in the slope body, and weakened the rock-soil mass parameters. Meanwhile, saturated
runoﬀ is formed on the slope, causing large deformation of the slope rock mass. However, the migration of water in the slope
has a time eﬀect, and its inﬂuence on the stability of the slope also has a time eﬀect. It is diﬃcult for traditional monitoring
methods to monitor the resulting changes in internal sliding force of the slope. Therefore, a remote monitoring and early
warning system for landslide anchor cable force was introduced to monitor the slope stability changes caused by the impact of
water ﬂow and rainfall inﬁltration, which provided a reasonable and scientiﬁc reference for subsequent slope construction.

1. Introduction
The large deformation of high and steep slopes leads to widespread and catastrophic geological hazards. The high and steep
slopes of a hydropower station are among the most common
and dangerous morphologies. The construction and operation
of the plant can trigger or reactivate such morphologies and
signiﬁcantly threaten human lives and properties [1, 2]. Consequently, signiﬁcant eﬀorts have been made to monitor such
slopes and to design and implement eﬀective countermeasures.

At present, although brilliant achievements have been
made in the excavation disturbance [3–5] and rainwater
seepage [6–8] of high and steep slope projects, they have also
paid a heavy price. Deformation and destruction phenomena
of diﬀerent degrees and scales will aﬀect the construction of
high slope projects in water conservancy and hydropower
projects. For example, the left and right abutment slopes of
Miaowei Hydropower Station have undergone signiﬁcant
deformation during the excavation process. With the progress of the excavation, ﬁve signiﬁcant deformations occurred
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Figure 1: Geographical location of Wudongde Hydropower Station.

on the left abutment slope, and a landslide occurred on the
right abutment slope from 1340 m to 1384 m, severely aﬀecting the construction [9, 10]. Many scholars have analyzed the
deformation mechanism of high steep slopes under excavation conditions. In order to analyze the loosening characteristics of columnar jointed basalts, the temporal-spatial
evolution of the loosening depths and degrees of the leftbank slope were investigated through single-hole acoustic
wave tests and visual inspections with borehole cameras.
The tests were carried out in the columnar jointed basalt
test section of the left bank dam foundation of Baihetan
hydropower station [11–13]. For high dam projects with
characteristics of high water head, large ﬂood discharge,
and narrow canyon, there is a class of rock slope instability problems that is induced by rainfall and ﬂood discharge atomized rain. Here, atomized rain refers to the
rain produced by the discharge of ﬂood from high dams.
Due to rainfall inﬁltration being the most frequent triggering factor for natural high steep rock slope failure, substantial research has been carried out to study the failure
mechanisms of rainfall-induced landslides. This class of
rock slope stability problems is mainly aﬀected by the
mechanical parameter reduction of structural planes and
the internal pore water pressure [14–22].
The complex internal factors such as lithology and rock
mass structure of the high-steep rock slope [23–25] and the
external factors such as construction disturbances and heavy
rain may change the slope during construction and operation.
Many scholars have carried out microscopic experiments on
rock crack growth to better understand the process and mechanism of rock slope failure, obtaining interesting research
results [26–32]. In order to reﬂect the real mechanical eﬀect
of the rock mass and to ensure a stable state of the slope, slope
monitoring projects are needed. Nowadays, many kinds of
slope stability monitoring technologies and methods exist,
from the traditional total station, the inclined pipe, the pressure gauge, the rain gauge, and the displacement meter [33]
to the new type of the GPS [34], the laser range ﬁnder [35],
the synthetic aperture radar [36], the ground-based interferometric radar [37], and the geological radar [38].

Research on slope stability monitoring and early warning technology is one of the leading research topics in the
ﬁeld of geotechnical engineering, and many scholars have
investigated it. An early warning monitoring system is
established to collect data such as seismic waves, pressures,
and groundwater levels and activated the early warning
signal when the instrument produced a signal outside the
range [39], taking the excavation of the high slope on
the left bank of Jinping I Hydropower Station as the
research object. The monitoring results of the deformation
of the graphite rod convergence meter of the ﬂat hole, the
horizontal observation of the valley width, the load of the
anchor cable, and the deformation of the shear hole were
comprehensively analyzed. Furthermore, the deformation
law of the slope rock mass was obtained [40].
Based on the mechanics of the sliding body, sliding bed,
and theory of monitoring anchor cable interaction as the theoretical basis, the principle of mechanical monitoring of the
relative motion state of a sliding body and a sliding bed was
put forward. Moreover, the multifactor monitoring was
changed into single sliding force mechanical quantity monitoring, and the relationship between the sliding force and
the monitoring pretightening force was given [41, 42]. Based
on the above principles, a remote monitoring and forecasting
system for landslide geological hazards was developed for the
real-time remote monitoring of dynamic changes of disturbance forces. The proposed approach overcomes the bottleneck of conventional deformation monitoring and realizes
monitoring and early warning of deep sliding forces [43–45].
This study takes the slope of Wudongde Hydropower
Station as the research object and analyzes the slope deformation mechanism caused by excavation and rainwater inﬁltration through ﬁeld investigation and slope deformation
monitoring data. In addition, in order to better monitor the
large deep deformation of the slope rock mass caused by
the inﬁltration of atomized rain, a remote monitoring
and early warning system for the force of the anchor cable
is introduced. The monitoring system will provide a reasonable and scientiﬁc reference for subsequent slope
construction.
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Figure 2: Engineering slope.
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2. Engineering Geology
2.1. Slope Engineering. Wudongde Hydropower Station is the
ﬁrst of the four cascade hydroelectric power stations in the
lower reaches of the Jinsha River, which is of great signiﬁcance
to China’s hydropower development. The plant is located on
the Jinsha River at the junction of Luquan County, Kunming,
Yunnan Province, and Huidong County, Liangshan Prefecture, Sichuan Province (Figure 1). The elevation of the left side
slope of the outlet of the spillway tunnel of the hydropower
station is more than 1070 m, which is a naturally exposed rock
slope. The altitude from 1070 m to 1760 m is a steep slope with
an average inclination of 55°. Before the excavation of the
slope, the area below 1070 m elevation is a gentle slope formed
by the Huashangou deposit, with an inclination of 10°~35°.
The artiﬁcial slope structure is a transverse slope. The highest
elevation line is about 970 m, the excavation of the plunge
pond foundation corridor is of 786.5 m elevation, and that of
the artiﬁcial slope is 183.5 m.
2.2. Stratigraphic Structure and Lithology. The engineering
slope and natural slope above 925 m elevation are sedimentary caprock strata. The strata trending NNW-SSE dipping
at an angle of 30° toward E, and the angle between the strike
of the stratum and the strike of the slope is about 3°~37°,
forming a gently inclined reverse slope. The engineering
slope below 925 m elevation consists of folded strata that
trend SW-NE and dip about 80° toward S. The strike of left
side slope of the exit of the ﬂood discharge tunnel is 193°,
and the angle between the strike of the rock stratum and
the slope forms a steep, transverse slope of about 57°~83°
(Figure 2). The strata exposed before the excavation are the
quaternary Huashangou accumulation body and the folded
basement snowfall group, the sedimentary caprock Guanyinya Formation, and the Dengying Formation (Figure 3).
2.3. Hydrometeorological Conditions. Wudongde Hydropower Station is located in the dry and hot valley of Jinsha
River. The average annual precipitation is 600 mm-800 mm,
the rainfall is relatively concentrated, and the precipitation
from June to October accounts for 81% of the annual precipitation. The average maximum temperature in the study area
is 42.7°C, and the minimum temperature is -5.8°C; the diﬀerence between the two is as high as 48.5°C. The average max-
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Figure 3: Engineering geology map of the slope. 1: collapse
accumulation layer; 2: Dengying Formation grey to light grey thick
dolomite; 3: Guanyinya group gray thin layer dolomite sandwich,
ultrathin shale; 4: gray thin layer dolomite (speciﬁcally refers to
the falling snow group stratum in the downstream of the
Huashangou fault on the left bank); 5: gray interbedded with thin
limestone; 6: diabase; 7: original terrain; 8: bedrock surface; 9:
lithology boundary; 10: faults and numbers; 11: lower limit of
relaxation zone of artiﬁcial slope; 12: groundwater level line; 13:
designed excavation line.

imum ground temperature is 72.4°C, and the minimum
ground temperature is -5.3°C; the diﬀerence between the
two is as high as 77.7°C. The average maximum temperature
in the study area is 42.7°C, and the minimum temperature is
-5.8°C; the diﬀerence between the two is as high as 48.5°C.
The average maximum ground temperature is 72.4°C, and
the minimum ground temperature is -5.3°C; the diﬀerence
between the two is as high as 77.7°C. This large temperature
diﬀerence is beneﬁcial to accelerate the physical weathering
of the rock mass, especially after the rain and atomized rain
inﬁltrate the slope rock mass, causing a large range of relaxation deformation on the rock mass surface in the study area.
There is a waterfall at the junction of the front side slope
and the left side slope at the exit of the spillway tunnel, and
the rainy season has a large amount of water. In addition,
after the spillway is put into use, the two will produce strong
atomized rain around the water cushion pond. Atomized
rain often forms at the lower part of the slope. Perennial
atomized rain will have a serious impact on the slope. The
brown-yellow rusting phenomenon appears locally on the
slope surface, which is caused by the Fe ions in the unevenly
distributed pyrite in the rock layer near the unconformity
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(a) Weakly weathered thin-layered limestone
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Figure 4: Typical rock mass of slope.
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Figure 5: Distribution map of deformation monitoring points on
the slope.

contact surface in the dam site, which oozes with water after
oxidation and stains the concrete on the slope surface.
2.4. Engineering Geological Defects. The primary engineering
geological defects revealed during the excavation of the slope
include blocks, the fracture of the slope, the Huashangou
fault (F 6 ), and the poor quality of the rock mass.
2.4.1. Block. A total of 213 blocks was found on the surface of
the slope. There were 153 blocks with a volume of less than
100 m3, 54 blocks with a volume between 100 m3 and
1000 m3, and six blocks with a volume between 1000 m3
and 10000 m3, which accounted for 71.9%, 25.3%, and
2.8%, respectively. The maximum bulk volume was about
4691 m3. Among them, there were 12 stable blocks, 187
blocks with poor stability, and 14 blocks with the worst stability. The buried depth varied about from 2 m to 5 m, and
the deepest was block found at about 29 m.
2.4.2. Fracture of Slope. The on-site geological investigation
showed that the fracture of the slope surface was not developed. The excavation of the engineering slope revealed a
strike of cracks at 240°~310° with an angle of 40°~60°. The
crack surface was generally straight and rough, mostly with
mud and calcium, and only a few was ﬁlled with debris and
mud. The extension of cracks was about 5~10 m. Only six
fractures were longer than 20 m, and the longest was about
37 m. Most fracture surfaces were straight, rough, and mostly

2.4.3. Fault. Huashangou fault (F 6 ) is a large-scale geological
structure of the entire slope. The strike of the fault was E-W,
with an inclination angle of 70°-75° and trending SE. It intersects with the river valley at an angle of about 60°. It is a normal fault and cuts through the sedimentary caprock, and the
vertical oﬀset is about 420 m. The fault through the slope, the
plunge pool, and the tail drain guided the wall foundation.
The F 6 was 3~8 m wide, mainly composed of clastic rock.
Plasticized mudcracks or debris were found near the fault.
2.4.4. Poor Rock Mass Quality. The overall quality of the rock
mass on the left side of the outlet of the spillway tunnel is
poor, mainly grades IV1 to IV2, which are mainly distributed
with weakly weathered thin-layered dolomite and limestone
(Figure 4). The structural plane is dominated by layers, with
microcracks developed, the layers are mostly straight and
rough, ﬁlled with muddy calcareous, and the cracks are often
attached with muddy calcium ﬁlm, and the erosion and
weathering along the structural plane are intensiﬁed.

3. Deformation Monitoring Results
The fault F 6 runs through the entire slope, and the rock mass
of the fault fracture zone is very poor. At the same time, the
slope has a series of isolated blocks and surface cracks. The
existence of these geological defects seriously aﬀects the stability of the slope. Moreover, frequent excavation disturbances cause severe unloading and relaxation of the slope,
which leads to the extension and expansion of surface cracks
into the rock mass. These geological defects and newly created ﬁssures in the relaxation area will provide convenient
conditions for the inﬁltration of rainwater and atomized rain,
thereby increasing the eﬀect of hydrostatic pressure in the ﬁssure on the rock mass, accelerating the physical and chemical
action of water on the rock mass structural plane, leading to
the overall decline in rock mass quality, and ultimately leading to the deformation of the slope. Therefore, it was chosen
as the main monitoring area for the slope project.
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Figure 6: Relationship between the deformation of the multipoint displacement meter and the excavation process.

According to the diﬀerent monitoring objects and
monitoring depths, slope monitoring can be divided into
appearance deformation monitoring, shallow deformation
monitoring, and deep deformation monitoring. According to
the characteristics of the project, six deformation monitoring
sections (i.e., sections 1-1 ′ , 2-2 ′ , 3-3 ′ , 4-4 ′ , 5-5 ′ , and 6-6 ′ )
were arranged on the slope. At the same time, 14 apparent
monitoring piers, 17 sets of multipoint displacement meters,
and 26 anchor stress meters were deployed (Figure 5).

displacement meter are mainly located at section 4-4 ′ of
the slope, that is, 920~990 m high near the ridge-shaped terrain, and close to the fault F 6 . This data suggests that the
slope unloading disturbance and fault structure aﬀect the
area signiﬁcantly. The parts with small deformation monitored by the multipoint displacement meter are located near
sections 2-2 and 3-3. That means they are at the trailing edge
slope of 850 m elevation concrete system, suggesting a lighter
eﬀect of the excavation of the project on this part of the slope.

3.1. Monitoring Results of Multipoint Displacement Meter.
Seventeen sets of multipoint displacement meters, numbered
M01~M17, were arranged on the slope. They were all placed
at the downstream of F 6 and divided into two monitoring
areas according to the structural characteristics of the slope.
Among them, 11 sets were arranged between F 6 and the rear
edge slope of the concrete system of 850 m elevation. Six sets
were placed at the rear edge slope of the concrete system with
an elevation of 850 m. The monitoring depth was about 30 m.
Figure 5 shows the layout location. The monitoring time of
each multipoint displacement meter is diﬀerent, and the earliest time is May 5, 2013. Due to factors such as instrument
failure and on-site environment, some data are missing.
The whole process monitoring curve of the cumulative displacement of the multipoint displacement meter and the oriﬁce is shown in Figure 6 and Table 1.

3.1.2. Deformation Depth. From Figure 6 and Table 1, among
the 17 multipoint displacement meters, except for M11 and
M03, the multipoint displacement meters at these two monitoring points show that there is still a large deformation at a
depth of 30 m horizontally (note that the deformation at the
monitoring depth of 30 m at both points is more signiﬁcant
than that at 20 m, which are abnormal data). The data from
the remaining 15 sensors prove that the slope rock mass at
the distance of 30 m from the slope surface does not deform
or deforms very little. Therefore, the excavation disturbance
at the left side slope at the outlet of the spillway tunnel
deforms the rock mass for a depth of about 20~30 m.

3.1.1. Cumulative Deformation. According to the analysis of
the monitoring data in Table 1 and Figure 6, as of August
10, 2017, the cumulative deformation of the oriﬁces of 13
multipoint displacement meters is less than 25 mm, accounting for 76.5% of all monitoring points. The deformation of
one monitoring point is 38.86 mm, and that of three monitoring points is above 71 mm. Among them, the monitoring
point with the most considerable deformation is M11, at
986.8 m elevation, and the deformation is 92.15 mm. The
parts with large local deformation monitored by multipoint

3.1.3. Deformation Rate. The deformation rate of the slope
rock mass can be divided into three stages, namely, deformation intensiﬁcation stage, deformation slowdown stage, and
deformation convergence stage (Figure 6).
The ﬁrst stage is the deformation intensiﬁcation stage.
The deformation process of monitoring curves recorded by
monitoring points M13, M14, and M16 reveals that the
deformation aggravation occurs between December 24,
2016, and March 25, 2017. This period corresponds to the
start and stops of blasting excavation of the slope below
830 m. The second stage is the deformation slowdown stage
that happened after the site stopped blasting excavation on
March 25, 2017. The third stage is the deformation convergence stage. Among the 17 multipoint displacement meters,

895.5
865
925.5
986.8
987.7
880.5
850.3
830.3
850.3
830.3

M08

M09

M10
M1l
M12

M13
M14
M15

M16
M17

4-4 ′

5-5 ′

6-6 ′

3-3 ′

925.5

925.5

M04

M07

865.5

M03

895.5
865.5

895.5

925.5

M01

M02

Elevation (m)

Number

M05
M06

2-2 ′

1-1 ′

Monitoring section

16/08/14
17/03/25

16/05/09
16/08/20
17/03/25

13/08/31
14/12/19
14/12/19

13/05/05

13/05/05

13/05/05

13/05/05
13/05/05

13/05/05

14/01/03

13/09/22

13/10/20

Monitoring start
time (yy/mm/dd)

/
/

/
/
/

0
0
0

/

/

/

/
/

/

0

0

0

40 m

0
0

0
0
0

-0.28
87.1
4.71

0

0

0

0
0

0

36.83

2.45

1.42

5.53
1.68

9.59
-8.26
3.32

2.3
85.17
/

1.39

1.8

0.71

0.77
0.34

1.02

27.13

2.7

4.33

11.23
2.62

14.83
/
8.17

36.09
91.77
23.85

2.07

2.43

1.21

3.5
2.65

1.61

33.69

/

6.16

Cumulative deformation by
August 10, 2017 (mm)
30 m
20 m
10 m

Table 1: Multipoint displacement meter cumulative deformation monitoring results.

14.79
3.66

22.26
21.86
14.51

71.22
92.15
74.69

3.33

4.55

3.2

3.5
2.78

2.29

38.86

18.26

5.24

0

17/03/25 start

15/7/1 damage, 16/12/30 resume

15/3/27 damage 17/3/10 resume
15/3/27 damage 17/3/29 resume
15/3/27 damage 17/3/29 resume

15/10/23Damage
17/04/4 resume
15/10/23Damage
17/04/4 resume

15/5/7 damage
17/04/5 resume monitoring
13/7/6 damage 17/04/5 resume
14/3/7 damage, 17/04/5 resume

15/3/27 damage
17/03/10 resume monitoring
15/3/27 damage
17/03/10 resume monitoring
15/3/27 damage
17/03/10 resume monitoring

Remarks

6
Geoﬂuids

Geoﬂuids

7

915

200

910

796

790

Date (yy/mm/dd)

Date (yy/mm/dd)
TP01
TP02
TP03
TP04
TP05
TP06
TP07
TP08

TP09
TP10
TP11
TP12
TP13
TP14
Excavation time

(a) Total slope deformation in the X direction

Displacement (mm)

250

(b) Total slope deformation in the Y direction

910

Water filling of the plunge pool

910
904
895

200

TP09
TP10
TP11
TP12
TP13
TP14
Excavation time

Stop excavation
Blasting excavation

880

150

880

865

100

850

850

50

830

820

0

Elevation (m)

TP01
TP02
TP03
TP04
TP05
TP06
TP07
TP08

17/03/22

–50

795

806

16/10/23

16/10/23

16/05/26

15/12/28

15/07/31

15/03/03

14/10/04

14/05/07

13/07/11

820
0

806
796

830

16/05/26

825

50

15/12/28

830

–50

850

850

15/07/31

–40

100

15/03/03

855

850

880

Blasting excavation
865

14/10/04

–30

Stop excavation

880

150

14/05/07

–20

885

Stop excavation
Blasting excavation
865

880

910

Water filling of the plunge pool

904
895

13/07/11

895

Displacement (mm)

904

Elevation (m)

910

Elevation (m)

250

17/03/22

–10

–60

945

925

13/12/08

Displacement (mm)

Water filling of the plunge pool

0

13/12/08

10

806
796

17/03/22

16/10/23

16/05/26

15/12/28

15/07/31

15/03/03

14/10/04

14/05/07

13/12/08

790
13/07/11

–50

Date (yy/mm/dd)
TP01
TP02
TP03
TP04
TP05
TP06
TP07

TP08
TP09
TP10
TP11
TP12
Excavation time

(c) Total deformation of slope in the Z direction

Figure 7: Comparison curve between the total deformation of apparent monitoring and the excavation process.

the time points of convergence of each point are quite diﬀerent. Most of them gradually converge about half a month
after stopping blasting excavation, that is, in the middle of
April 2017. The convergence time of monitoring points
M12 near the ridge terrain and M15 near the fault F 6 are
the latest, while the convergence time of monitoring points
M04~M09 at the rear edge of a concrete system is earlier.
On June 24, 2017, after the plunge pool was ﬁlled with water,
the deformation rate of the slope was temporarily
unchanged. In summary, after stopping the blasting excavation, all the deformation monitoring data of multipoint displacement meters tend to converge.

3.2. Apparent Deformation Monitoring Results. The 14
apparent deformation monitoring piers TP01~TP14 were
all arranged downstream the fault F 6 . Eleven piers were
arranged between the fault F 6 and the rear edge slope of
the concrete system at 850 m elevation; three were on the rear
edge slope of the concrete system (Figure 5). Figure 7 compares the monitored total apparent deformation with the
development of the excavation process. The horizontal deformation to the downstream of the river is the positive direction of X, and the upstream is the negative direction. The
horizontal deformation to the outside of the slope is the positive direction of Y, and the deformation into the slope is the
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-6.72

-1.67
-10.88

-12.2

-54.63

-18.1

-19.62

81.29

152.19
223. 75
190. 86
132.47
123.91
136.47
179. 35

1.57
5.04

14

108.83

51. 87

74.98

57. 33

86.47
214.5
124. 03
67.22
62.43
64.14
120. 22

-0.5
-9.23

2.88

36.63

16.52

21. 85

100.29

178.39
312.45
232.42
148.56
140
150.79
216.02

2.35
15.13

18.79

127.16

57.37

80.53

Cumulative deformation by August 8, 2017 (mm)
∑△X
∑△X
∑△H
∑△L

Table 2: Apparent cumulative deformation monitoring results.

15/3/12 damage
17/4/9 resume

15/5/27 damage 17/4/9 resume
15/4/23 damage 17/3/31 resume
15/4/23 damage 17/4/5 resume

16/9/12 damage 17/4/5 resume

15/3/12 damage
17/4/9 resume
15/4/13 damage
17/4/9 resume
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975
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Blasting excavation

945
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865

855

850
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830

825

0

806

795

17/06/08

17/01/09

16/08/12

16/03/15

15/10/17

15/05/20

14/12/21

14/07/24
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14/02/24

13/04/30

–50

Elevation (m)

250

13/09/27

Displacement (mm)

300

Date (yy/mm/dd)
R01
R02
R03
R04
R05
R06
R07
R08
R09
R10
R11
R12
R13
R14

R15
R16
R17
R18
R19
R20
R21
R22
R23
R24
R25
R26
Excavation time

Figure 8: Comparison curve between the stress change of anchor stress meter and the excavation process.

negative direction. The vertical downward deformation is the
positive direction of H, and the upward direction is the negative direction. The initial monitoring time of the apparent
monitoring point was September 16, 2013. However, due to
the inﬂuence of the on-site environment and equipment,
only TP01, TP04, and TP10~TP14 recorded a relatively complete slope deformation process.
3.2.1. Cumulative Deformation. The deformation components of the apparent monitoring piers suggest that almost
all the deformations in the river direction point to the
upstream, and the cumulative deformation in this direction
is the smallest, i.e., 8 to 23 mm. Moreover, the monitoring
point with the most signiﬁcant cumulative deformation of
54.63 mm is TP03, located at 868 m elevation. The cumulative deformation of all monitoring points to the outside of
the slope is generally between 50 and 140 mm. The monitoring point with the most considerable cumulative deformation
of 223.75 mm is TP08 at 987 m elevation. The monitoring
points with large cumulative deformation after the excavation of the entire slope are higher than 980 m, i.e., they are
located in the local ridge-like terrain of the slope. Excavation
and unloading aﬀect these monitoring points signiﬁcantly.
The cumulative vertical deformation of most monitoring
points is between 14 and 80 mm; the monitoring point with
the most substantial deformation (TP08) is at 987 m elevation; and the cumulative deformation is 214.5 mm. There
are two monitoring points with a deformation greater than
100 mm, all of which are located above 980 m elevation.
According to the apparent monitoring of the cumulative

deformation component characteristics, the deformation of
the monitoring area mainly points to the outside of the slope
and the upstream of the river.
3.2.2. Total Deformation. The total deformation represents
the actual deformation distance of the apparent monitoring
points. According to Table 2, as of August 8, 2017, the cumulative total deformation of three monitoring points (TP08,
TP09, and TP13) is more signiﬁcant than 200 mm. The
TP08 monitoring point has the most considerable deformation (312.45 mm), and the cumulative total deformation of
two monitoring points (TP07 and TP12) is 200~150 mm.
These ﬁve monitoring points are mainly distributed in the
ridge-like terrain at the top of the slope, which is greatly
aﬀected by excavation disturbance and rainfall inﬁltration.
In summary, since December 24, 2016, with the blasting
excavation of the slope below 830 m, all monitored apparent
deformation components and total deformations increase
sharply, and the deformation rate is accelerated. The deformation generated at this stage accounts for 80% of the total
deformation. After March 25, 2017, the deformation rate
decreases signiﬁcantly with the completion of the excavation,
and as of August 8, 2017, eight out of the 14 apparent monitoring points converge, and the deformation rate of six
points signiﬁcantly reduces and tends to converge.
3.3. Anchor Stress Monitoring Results. Twenty-six sets of
anchor stress meters, numbered R01~R26, were all arranged
at the downstream of fault F 6 . Eighteen sets were placed
between fault F 6 and the rear edge slope of the concrete
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Table 3: Anchor stress meter monitoring results.

Section

Number

Elevation (m)

Monitoring start time (yy/mm/dd)

17/08/10 stress (MPa)

1-1 ′

R01
R02
R03
R04

939
924
894
864

13/09/27
13/09/22
13/11/15
16/08/14

-8.6
&4
-27.3
42.0

2-2 ′

R05
R06
R07
R08

939
924
894
864

13/05/05
13/05/05
13/05/05
13/05/05

-2.4
29.5
-0.4
-14.2

939
924
894
864

13/05/05
13/05/05
13/05/05
13/05/05

-16.8
-13.1
-12.4
-10.7

13/07/06 damage

3-3 ′

R09
R10
R11
R12

924
879
849
849
849
829
829
829

13/09/22
16/05/09
16/08/20
16/08/20
16/08/20
17/03/25
17/03/25
17/03/25

226.0
19.7
40.4
53.0
106.9
181.8
1.7
9.9

17/06/21 damage

4-4 ′

R13
R14
R15
R16
R17
R18
R19
R20

5-5 ′

R21
R22
R23
R24
R25
R26

849
849
849
829
829
829

16/08/14
16/08/14
16/08/14
17/03/25
17/03/25
17/03/25

87.6
0.5
283.6
50.8
16.9
27.9

system at 850 m elevation, and eight sets were at the rear edge
slope (Figure 5).
Figure 8 shows the monitoring results of all anchor stress
meters, as summarized in Table 3. According to the data
analysis, as of August 10, 2017, three monitoring points
exceed 150 MPa, and the monitoring point R23 of 849 m elevation detects the most signiﬁcant stress change, i.e., an
increase of 283.6 MPa. The measured stress of ﬁve anchors
is within 150~30 MPa, while the variation of the remaining
sensors is less than 30 MPa.
According to the stress change curve analysis of all
anchor stress meters, the stress change rate of each anchor
stress meter increases sharply after blasting excavation of
the slope below 830 m elevation on December 24, 2016. After
March 25, 2017, with the blasting excavation stopped, except
for the R16 anchor stress whose growth rate is still high, the
stress growth rate is signiﬁcantly reduced. As of August 10,
2017, 23 anchor stress monitoring curves have converged,
and the stress growth rate of two anchors has reduced significantly and tends to converge. Only one set of R16 anchors at
829 m elevation remains at a higher stress growth rate.
To sum up, data from multipoint displacement meters,
apparent deformation of the slope, and anchor stress meters
showed that the deformation amount and deformation rate

Remarks

15/05/07 damage
13/07/06 damage

13/07/06 damage

of the slope keep relatively large from July 2016 to March
2017. It is the result of the combined eﬀect of high-strength
blasting excavation and long-term rainwater inﬁltration of
the slope rock mass in the rainy season. The maximum deformation occurs at the 4-4 ′ monitoring section, i.e., the protruding ridge topography, followed by the middle area of
the slope, and the accumulated deformation amount of the
slope behind the concrete system at 850 m elevation and
other areas of the slope is small. At present, the slope deformation of the slope is at the stage of convergence. However,
in the subsequent slope engineering, especially after the spillway is put into use, strong water impact and atomized rain
inﬁltration will have a serious impact on the stability of the
slope, so continuous monitoring is still required to ensure
the stability of the slope.

4. Deformation Mechanism
4.1. The Poor Quality of Lithology. The upper cover of the
engineering slope is a gently inclined thin layer of dolomite
and thick layer dolomite with shale interlayer. The middle
and lower part is a transverse thin layer of limestone and
dolomite; the rock mass is poor. The fault F 6 , which is an
antidip rock mass structure, runs through the entire slope
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Figure 9: Deformation-failure evolution process of slope.

and steeply dip direction into the slope, intersecting the slope
at a large angle. The fault F 6 divides the slope into two parts
that form the weak boundary of the lower slope of the fault,
which weakens the three-dimensional side restraining eﬀect
of the front slope of the ﬂood discharge tunnel on the entire
left slope. At the same time, due to the deformation of the
downstream slope of fault F 6 , the fault and the lower rock
mass squeeze under the action of the self-compression of
the weak part of the fault and the deformation slip to the
outer side of the slope. Due to the long construction period
and the large annual temperature diﬀerence in the study area,
the rock mass will inevitably be subjected to weathering,
which will change the lithology of the slope surface rock
mass, reduce the quality of the rock mass, and increase the
permeability. The degree of weathering decreases with the
depth of the slope, and the depth of weathering varies with
the quality of the rock mass, which results in the heterogeneity of the seepage of the slope rock mass.
4.2. Disturbance of Engineering Activities. Although the engineering slope is a high-steep slope, before the excavation, the
slope rock mass is in a relatively stable state. The excavation
of the project redistributes the stress inside the rock mass.
With the gradual expansion of the slope excavation, the rock
mass on the slope is subjected to blasting dynamics to generate dynamic damage. On the other hand, the excavation
changes the boundary conditions of the slope, and the rock
mass undergoes unloading deformation. Part of the strain
energy in the rock mass is released, and part of the strain
energy is transferred to the deep part of the rock mass, resulting in stress redistribution. Moreover, the deformation of the
slope body accompanies the redistribution causing the original structural plane in the rock mass to open and stagger, the
expansion of the original joint ﬁssure, or the generation of
new cracks, especially in the vicinity of geological weak
planes such as faults, soft rock areas, and strong unloading
relaxation areas. The combination of new cracks and fault
fracture zones generated in the unloading relaxation zone
provides convenient conditions for rock mass seepage, and
the slope rock mass seepage will vary with the degree of
unloading (Figure 9).

4.3. Impact of Rainfall and Atomized Rain. The overall lithology of the slope, coupled with the slope rock mass stress relaxation and deep rock mass cracks caused by engineering
disturbance and stress redistribution, provides convenient
conditions for rainwater inﬁltration. Rain inﬁltrates along
the cracks on the slope surface, weakening the mechanical
properties of rock and soil. With the continuous heavy rainfall
in the rainy season, seepage is formed in the rock mass above
the depth of rainfall inﬁltration, and saturated runoﬀ is formed
on the surface of the slope. The inﬁltration of rainfall and
atomized rain water forms a saturated zone that is detrimental
to stability and unfavorable in the rock mass of the slope.
Although the current saturation zone is not deep, it still causes
the water level of the inﬁltration line on the surface of the slope
to change. Especially the atomized rain produced by the waterfall is closer to the fault F 6 , the permeability of the fault fracture zone is stronger, and the overall quality of the slope
rock mass is poor. The inﬁltration of rainwater increases the
pore water pressure on the rock mass and reduces the eﬀective
stress, and the rock mass and rock mass structural surface are
softened by the inﬂuence of groundwater. The mechanical
properties of rock masses and structural planes change, which
will have a very adverse eﬀect on the slope stability.
In summary, due to the inﬂuence of stratum lithology,
excavation disturbance, rainfall, and atomized rain inﬁltration, part of the apparent monitoring data of the slope surface
suddenly increased from November 2016. As of the end of
March 2017, the excavation above 806 m elevation was completed. The apparent monitoring data reveal that the deformation rate of the slope is still relatively fast, and the
conventional monitoring bolt is subjected to a large force.
In order to control the continuous large deformation of
the slope, the excavation of the lower part of the slope
was stopped on April 1, 2017. The excavated slope was systematically supported in time, and then the deformation
rate of the slope slowed down. After ﬁlling the plunge pool
with water on June 22, 2017, the excavation and support
works of the slope were completely stopped. On October
26, 2017, the plunge pool was pumped after the ﬂood season, and the excavation construction of the slope below
806 m fully started. Given the large deformation of the
slope caused by the excavation between the 850 and
806 m elevation and considering the impact of strong atomized rain after the normal use of the spillway tunnel, ﬂood
discharge impact and atomized rain inﬁltration will be the
most important factors aﬀecting slope stability. In order
to better understand the slope deformation law and avoid
large deformation caused by the excavation of elevation
below 806 m and to guarantee the safety and stability of
the slope and integrate monitoring, early warning, reinforcement, and control, it is urgent to establish an early
warning criterion and early warning mode suitable for the
landslide monitoring of Wudongde Hydropower Station.

5. New Technology for Preventing and
Monitoring the Slope Deformation
Although the left side high slope of the Wudongde ﬂood discharge tunnel does not currently form a sliding surface, the
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excavation inevitably changes the stress distribution inside
the slope body. At the same time, the deformation evolution
of the slope is an irreversible process of the development of
microfracture inside the rock mass, the weakening of the
macromechanical characteristics of the rock mass, and the
formation, development, and penetration of the sliding surface. Moreover, these new cracks caused by the construction
of slope engineering will facilitate the inﬁltration of rainfall,
especially the intense atomization rain caused by ﬂood discharge. This will also be the most important factor aﬀecting
the stability of the hydropower station. At present, because
the conventional anchor cable is easy to break during the
process of slope deformation, the evolution law of the sliding
force inside the slope is diﬃcult to monitor. It is challenging
to meet the requirements of landslide monitoring only by
shallow displacement and deformation monitoring. Moreover, the conventional monitoring equipment on the slope
surface is susceptible to failure due to the eﬀects of strong
atomizing rain. Therefore, it is necessary to consider the
remote monitoring and early warning system of the slope
anchor force developed by the State Key Laboratory of Geotechnical Mechanics and Underground Engineering of China
University of Mining and Technology (Beijing) for real-time
remote intelligent monitoring of the left side slope of
Wudongde ﬂood discharge tunnel.
5.1. Landslide Remote Monitoring and Early Warning System.
Based on the monitoring principle of anchor cable force and
the working principle of constant resistance large deformation anchor cable, Professor He Manchao developed a landslide monitoring and early warning system based on anchor
cable force measurement [39]. The system is based on the
principle that “sliding force greater than shear strength is a
suﬃcient and necessary condition for landslide generation.”

The indirect measurement of the sliding force on the potential sliding surface is achieved by directly measuring and
monitoring the axial force on the cable, thus breaking the
bottleneck of traditional deformation monitoring. Also, the
monitoring and early warning of the deep anchor cable force
is realized for the ﬁrst time.
5.1.1. Principle of Anchor Cable Force Remote Monitoring.
The landslide will only occur if the sliding force is greater
than the antisliding force. By considering the mechanical system of a natural landslide, three main forces are acting on it,
i.e., sliding force (T 1 ), antisliding force (T 2 ), and self-weight
of sliding mass (G). In the natural state, the sliding force
and antisliding force on the sliding surface are in equilibrium,
i.e., T 1 ≤ T 2 , and the slope is stable. However, when the external or internal factors aﬀecting the slope stability change, the
original equilibrium state breaks, and the stress in the landslide body redistributes. When T 1 > T 2 , the slope is unstable.
Therefore, it is only necessary to accurately measure T 1 and
T 2 to judge the changing state of stress in the landslide body
and predict the occurrence time and scale of landslide disaster in advance. In order to measure T 1 and T 2 , the magnitude
of sliding force T 1 can be indirectly calculated through direct
monitoring of disturbing force P after the artiﬁcial measurable force P is introduced. Figure 10 shows the complex
mechanical system composed of the natural mechanical system and an artiﬁcial mechanical system.
5.1.2. Structure of Constant-Resistance Large-Deformation
Anchor Cable and Working Principle. As a composite structure type stretchable anchor cable, the proposed ConstantResistance Large-Deformation (CRLD) anchor cable mainly
consists of rod body, constant resistance body, constant
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Table 4: Warning level and warning criteria.

Warning level

Danger forecast

Level 1 criteria:
cumulative increment T/t

Blue
Yellow
Orange
Red

Stability
Substable
Near slip
Impending slide

0~50
50~120
120~160
>160

Secondary criterion: daily slip of sliding force ΔT/t
10~20 up to yellow

20~35 up to orange

>35 up to red

Anchor force T = T n − T 0 ; sliding force increment ΔT = T n − T n−1 ; initial prestress T 0 = 30t.

resistance sleeve, pallet, and nut (Figure 11). The constant
resistance body and the constant resistance sleeve together
form a constant resistance device to provide constant support
resistance for the anchor cable.
When landslide occurs, with the slow release of deformation energy in the slope rock mass, the sliding body
and sliding bed move relatively along the sliding surface.
When the deformation energy of the rock mass exceeds
the designed constant resistance, the constant resistance
body frictionally slides along the inner wall of the constant
resistance sleeve. The CRLD anchor cable stretches axially
along with the large deformation of the slope rock mass
and absorbs the energy generated by the slow landslide
deformation (Figure 12). It avoids the failure of conventional monitoring anchor cable due to excessive deformation, meeting the targets of advanced monitoring and
early warning for the landslide.
5.1.3. Structure of the Landslide Remote Monitoring and Early
Warning System. The landslide remote monitoring and early
warning system consists of indoor and on-site equipment.
The indoor monitoring equipment includes a data
receiving-processing-analysis system, 3S maps of monitoring
point target areas, a 3D monitoring engineering image search
system, and some auxiliary analysis software. The on-site
monitoring equipment consists of BeiDou satellite receiving
equipment, data processing system, and information display
system. Figure 13 shows the schematics of the system’s working principle.
5.1.4. Landslide Monitoring and Warning Criteria. In order
to improve the monitoring accuracy, this study establishes
a landslide monitoring and early warning model. The
model mainly relies on system equations and empirical
equations. Through statistical analysis of the monitoring
data of 354 existing monitoring systems in the past ten
years and the results of indoor physical model experiments, a landslide four-level early warning mode is established. The model classiﬁes the degree of hazard of the
slope into four levels described by diﬀerent colors, i.e.,
red (imminent slip early warning), orange (near slip early
warning), yellow (metastable early warning), and blue (stable). Table 4 summarizes the speciﬁc grades and early
warning criteria.
5.2. Monitoring Point Layout. Taking full account of the slope
deformation trend, topography, rock lithology, geological
structure, spatial distribution of the fracture, excavation

NS1
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NS11

NS12

NS13 NS14 NS15

Figure 14: Layout of on-site monitoring points.

method, and schedule combined with the technical requirements of slope anchor cable force monitoring. A total of 15
monitoring points (NS1~NS15) were arranged within the
scope of the engineering slope. The distribution of monitoring points is shown in Figure 14.
5.3. Monitoring Results and Analysis. From April 25, 2018, to
October 18, 2018, eight sets of remote monitoring and early
warning systems have been installed on the left side slope
of the ﬂood discharge tunnel, and the high slope has been
continuously monitored for 24 hours. At present, about
14,000 series of data have been collected (Figure 15), which
provides important data for monitoring the deformation
and evolution characteristics of slopes and early warning.
Through the analysis of the monitoring curve and monitoring data that have been received so far, 75% of the monitoring curve is in a horizontal state or an approximate
horizontal state, indicating that the slope is in a stable state.
Also, the NS1 monitoring curve contains some unstable data,
while the NS2 curve has a slow downward trend, indicating
that the top slope is currently in a relatively stable state.
From a macroperspective, as the slope project is nearing
completion, most of the slopes are in a stable state. However,
as the spillway tunnel is put into use, the strong water impact
and the inﬁltration of atomized rain generated by the ﬂood
discharge will have a long-term and continuous impact on
the stability of the slope. Therefore, long-term real-time
monitoring of slope stability is still needed.

600
500
400
300
200
100
18/06/19 18/07/09 18/07/29 18/08/18 18/09/07 18/09/27 18/10/17

Anchor cable force (kN)

Geoﬂuids

Anchor cable force (kN)

14
400

350

300
2018/9/20 2018/9/26 2018/10/2 2018/10/8 2018/10/14 2018/10/20
Date (yy/mm/dd)

Date (yy/mm/dd)

NS5
NS10
NS11

NS1
NS2

Anchor cable force (kN)

(a) NS1 and NS2 monitoring points

(b) NS5, NS10, and NS11 monitoring points

600
500
400
300
2018/5/28 2018/6/11 2018/6/25 2018/7/9
Date (yy/mm/dd)

2018/7/23

2018/8/6

NS13
NS14
NS15
(c) NS13, NS14, and NS15 monitoring points

Figure 15: Curves of anchor cable force.

6. Conclusions
Based on the above analysis, a few conclusions can be drawn:
(1) The data from multipoint displacement meters, the
apparent deformation, and the anchor stress meters
all show that the deformation amount and deformation rate of the slope are relatively large during the
construction of the slope. It is the result of the combined eﬀect of high-strength blasting excavation
and long-term rainwater inﬁltration of the slope rock
mass in the rainy season. The maximum deformation
amount is located at the 4-4 ′ deformation monitoring section, especially near the top of the opening line
at this section, followed by the middle area of the
slope
(2) Through comprehensive analysis, the main reason
for the large deformation of the slope is that after
the excavation of the slope, the slope rock mass
will inevitably be aﬀected by weathering and
unloading. In addition, the overall quality of the
slope rock mass is poor. Weathering changes the
lithology of the rock mass on the surface of the
slope, reducing the quality of the rock mass and
enhancing the permeability. The degree of weathering decreases with the depth of the slope, and the
depth of weathering varies according to the quality
of the rock mass. The unloading relaxation of rock
mass changes the original stress ﬁeld of the slope,

and diﬀerent unloading degrees cause the cracks
in the slope rock mass to open, slip, and expand
to diﬀerent degrees. Rock mass seepage is closely
related to rock mass ﬁssures. The degree of
unloading decreases with the depth of the slope,
and the degree of unloading varies with the quality
of the rock mass, resulting in heterogeneity of the
seepage of the slope rock mass
(3) The newly created cracks and fault fracture zones in
the weathering and unloading relaxation zone provide convenient conditions for rainfall and atomized
rain inﬁltration. Rainfall and atomized rainwater
inﬁltrate along the slope surface, forming a seepage
ﬁeld in the slope body, especially in areas with poor
rock quality, such as near the fault fracture zone
and the top ridged terrain area of the slope. The
long-term inﬁltration of rainwater weakens the rock
mass parameters, weakens the strength of the rock
mass structural surface, increases the water pressure
in the ﬁssures, and causes large deformation of the
slope
(4) The impact of water ﬂow and the inﬁltration of atomized rain caused by ﬂood discharge will be the most
important factors aﬀecting the stability of this slope
in the future. Therefore, the landslide anchor cable
force remote monitoring system based on the constant resistance and large deformation anchor cable
is used to monitor the stability of the slope. The
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current monitoring results show that the slope is in a
stable state. The research results will provide a scientiﬁc basis for the stability control of high and steep
slopes of hydropower stations in the future
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