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Abstract The right bank slope of Dagangshan hydropower
station in China has complex geological conditions and is
subjected to high in situ stress. Notably, microseismic
activities in the right bank slope occurred during reservoir
impounding. This paper describes the microseismic moni-
toring technology, and three-dimensional (3D) finite ele-
ment analysis is used to explore the microseismic activities
and damage mechanisms in the right bank slope during
reservoir impounding. Based on data obtained from
microseismic monitoring, a progressive microseismic
damage model is proposed and implemented for 3D finite
element analysis. The safety factor for the right bank slope
after reservoir impoundment obtained from the 3D finite
element analysis, which included the effects of progressive
microseismic damage, was 1.10, indicating that the slope is
stable. The microseismic monitoring system is able to
capture the slope disturbance during reservoir impounding
in real time and is a powerful tool for qualitatively
assessing changes in slope stability over time. The pro-
posed progressive microseismic damage model adequately
simulates the changes in the slope during the impoundment
process and provides a valuable tool for evaluating slope
stability.
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List of symbols
D Damage variable

E Elastic modulus

K Safety factor

M Moment tensor

M The rate of the moment tensor

RFPA-3D 3D realistic failure process analysis
Step Load step

U Total releasable elastic strain energy
Um Radiation energy

1% Structure block volume

Ag Centrifugal loading coefficient

AU Actual assigned energy

y Material unit weight

€ Principal extension strain rate

& Principal contraction strain rate

g Mean strain rate

n Seismic efficiency

U Shear modulus

v Poisson’s ratio

o Compressive strength

t Time interval

1 Introduction

Instantaneous and progressive failures are two important
instability mechanisms in rock slopes. The former refers to
landslides that occur when all points on the slope slip
surface are simultaneously at their ultimate state. For most
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slopes, due to the inhomogeneous stress and strain distri-
butions on the slip surface and discontinuous surfaces such
as faults, different failure probabilities occur at different
locations on the slip surface; thus, slope failure becomes a
progressive process (Yang et al. 2005). The concept of
progressive slope failure was originally introduced to
explain the discrepancies between the back-calculated
average shear stresses along failure surfaces in overcon-
solidated clay slopes and the shear strength of the same
clay material experimentally obtained in laboratory tests.
Bjerrum (1967) indicated that slides in overconsolidated
clay and clay shale slopes are preceded by the progressive
development of a continuous sliding surface. However, one
of the earliest descriptions of progressive slope failure was
given in 1963, when a catastrophic landslide occurred on
the upstream slope of the Vajont dam in Italy (Barla and
Paronuzzi 2013). The Vajont landslide was attributed to a
reduction in peak shear strength during the impoundment
process of the reservoir; therefore, the progressive failure
mechanism can explain the Vajont landslide (Chowdhury
1978). Additionally, long-term rock slope observations
have indicated that most slope instabilities involve a
gradual and intermittent displacement mechanism.
Currently, theoretical analysis, laboratory testing and
numerical simulations are the main methods used to study
progressive slope failure. Gencer (1985) and Miao et al.
(2011) established theoretical models to analyse the pro-
gressive failure of slopes. In the laboratory, centrifuge test-
ing has been widely used to study progressive slope failure
(Adhikary and Dyskin 2007; Wang and Zhang 2014). In
addition, Zhu et al. (2011) conducted a series of physical
model tests to better understand the behaviour of progressive
slope failure. The finite and finite-discrete element methods
(Eberhardt et al. 2004; Zhang et al. 2005, 2014; Gurocak
et al. 2008; William et al. 2008; Tang et al. 2015), the
numerical manifold method (Wong and Wu 2014) and the
meshless method (Zhou et al. 2015) are the main numerical
methods used to analyse progressive slope failure.
Progressive slope failure is caused by a gradual decrease
in the shear strength of a rock mass. Before a landslide, the
shear strength of the rock mass along the potential sliding
surface must be greater than the induced stress, and the entire
sliding mass must satisfy static equilibrium conditions. Only
when the slope is sufficiently disturbed and the shear strength
of the sliding mass is exceeded can the potential sliding
surface cut through the entire slope and cause a landslide.
The causes of progressive slope failure can be roughly
divided into two categories: internal causes, such as gravity
(Chen et al. 2013), and external causes, such as intense
rainfall (Hong et al. 2005; Borja and White 2010; Ma et al.
2014; Igwe et al. 2014), earthquake activity (Wang et al.
2010; Parker et al. 2013; Gischig et al. 2016), changes in
water level (Xiao et al. 2007; Liao et al. 2005; Wang et al.
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2013) and artificial disturbances (Leshchinsky et al. 2015;
Dai et al. 2004; Cheng et al. 2012; Zhao et al. 2014).

Several major hydropower engineering projects have been
implemented in south-western China over the past decade due
to the abundant water resources present in this area; as a result,
many high and steep slopes have been formed in reservoir
construction. Steep slopes resist dam thrust forces and are
influenced by the construction and operation of high dams.
Whether a dam can undergo impoundment is a key question in
slope safety (Lin et al. 2015; Tomida et al. 2011; Zhou et al.
2013). The abutment slopes are strongly influenced by the
water-level changes that occur during reservoir impounding,
and the slope stability can significantly decrease due to water-
level changes and weak geological conditions. Chen (2010)
reviewed the representative research on the progressive failure
of reservoir bank slopes caused by the impounding process
worldwide. Lin et al. (2016) studied the unstable rock slope in
Laxiwa Reservoir and showed signs of gravitational and
water-impounding-induced large deformations. Xiang and
Tang (2011) discussed the landslide mechanism of a reservoir
bank slope induced by water-level changes. Wang et al.
(2005, 2008) conducted field investigations and tests to
explore the instability mechanism of a slope in response to
reservoir impoundment. In addition to theoretical analysis,
field monitoring and testing, numerical modelling has been
used to study slope failures caused by water-level changes
(Yerro et al. 2015; Yang et al. 2013; Wang et al. 2007; Wang
and Yan 2007; Xia et al. 2014; Jiao et al. 2014).

This paper focuses on the stability of the right bank slope of
the Dagangshan hydropower station, which is located in
Sichuan Province, China, during reservoir impounding. A
microseismic monitoring system was installed in the right
bank slope, and the disturbance area of the slope during the
impoundment process was determined based on the detected
seismic activity. A numerical method was then implemented
to explore the damage mechanism in the disturbed area of the
slope during the different stages of reservoir impoundment. A
progressive microseismic damage model was then established
using the extensive information captured by the microseismic
monitoring system. The safety factor of the slope during the
impoundment process was obtained using a numerical method
that considers the effects of progressive microseismic dam-
age. Finally, the stability of the slope was evaluated by ana-
lysing the slope safety factor during water storage.

2 Microseismic Monitoring of the Right Bank
Slope During Reservoir Impounding
2.1 Project Overview

The Dagangshan hydropower station is located within the
Huangcaoshan fault block, which is cut by the Moxi, Daduhe
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and Jinping fault ruptures. The project was constructed in a
V-shaped valley (Fig. 1a); the mountains on both sides of the
project are very tall, and the bedrock was exposed after
excavation. The right bank slope is steep, with a gradient that
varies from 40° to 65° and a relative altitude difference of
more than 600 m (Fig. 1a). The main rock type of the slope in
the project area is medium-grained granite. Additionally,
there are diabase dikes (S5, 43, Bs2, Pes, Pg3 and fgs), fine-
grained granitic dikes (yLs, YLe) and diorite dikes in the slope
(Fig. 1b). The diabase dikes are dominant, as indicated by the
green lines in Fig. 2a. Field surveys indicate that the exposed
width of the diabase dikes ranges from 0.5 to 10 m on average,
with a maximum width of up to 26 m. Overall, there are 203
fractured diabase dikes or diabase dikes with an exposed width
of greater than 2 m, and 56 dikes are wider than 5 m. The
diabase dikes predominantly dip at a steep angle.

The granite in the slope surrounding the project area pri-
marily has a medium-grained texture with a low resistance to
weathering. The diabase dike has a dense medium-grained
texture with a slight weathering grade. When affected by

o
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Fig. 1 Right bank slope of Dagangshan hydropower station. a The
right bank slope after completing excavation. b Photograph of the
right bank showing the geological conditions

faults, the dikes are easily weathered. Fortunately, there are
no regional faults in the slope around the project area, and the
main geological structures are dikes with faults, fracture
zones and joint fissures. Field surveys indicate that in addi-
tion to the main dikes in the right bank slope of the
Dagangshan hydropower station, the project area includes
small-scale faults, as indicated by the red lines in Fig. 2a, a
main fault (f231) and two large deep unloading fissure zones
(XL-316 and XL-915), as depicted in Fig. 2a.
Macro-cracks appeared during slope excavation, and rock
mass deformation occurred along the unloading fissure zone
XL-316 and fault f231. To restrain the rock mass deforma-
tion, the weak structure blocks along fault f231 were exca-
vated and backfilled using micro-expansion concrete to
construct anti-shear galleries at elevations of 1240, 1210,
1180, 1150, 1120 and 1060 m, as shown in Fig. 2a, b.

2.2 Results of Microseismic Monitoring

Based on the project plan, the Dagangshan hydropower
station was to begin storing water at the end of 2014. An
advanced microseismic monitoring system was imple-
mented in the right bank slope in November 2014 to
monitor the slope disturbance during the reservoir
impounding period. Nineteen sensors were arranged in an
array at ten elevations along the right bank slope for long-
term monitoring (Fig. 3). The monitoring area was 400 m
long along the river, 400 m deep along the slope surface,
and 600 m tall, covering elevations between 800 and
1400 m (i.e. 400 m x 400 m x 600 m). The monitoring
data were collected and sent to a central control room
located at an elevation of 1135 m (Fig. 3).

In the Dagangshan hydropower station, the water level of
the reservoir was increased by 100 m from an elevation of
1020 m over a 28-day period starting on 29 May 2015. After
filtering out noisy events, 51 effective microseismic events
were captured by the microseismic monitoring system dur-
ing water impoundment, as shown in Fig. 4. Figure 5 pro-
vides a comparison of Figs. 2a and 4 and clearly shows that
the effective microseismic events captured during water
impoundment were mainly distributed near the anti-shear
galleries at elevations of 1240, 1210, 1180 and 1150 m and
near diabase dikes [543, Pgs, fs3 and fgs.

3 Damage Mechanisms Within the Right Bank
Slope During Water Storage

3.1 Spatiotemporal Distributions
of the Microseismic Events

A number of microseismic events occurred during the
water storage period that was related to the long-term water
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storage and the distinct increase in the water level during
reservoir impounding. To explore the distribution trends of
the microseismic events in the right bank slope during
water impoundment, the process was divided into four
stages, with each stage lasting 7 days. The microseismic
events monitored up to the end of each stage are depicted
in Fig. 6. In this figure, each coloured circle represents a
microseismic event; the size of the solid circle reflects the
size of the energy released by the microseismic event; and
the specific value of the released energy is represented by
the colour. During the first stage, the water level of the
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reservoir increased from an elevation of 1020-1040 m.
Many microseismic events appeared to be associated with
diabase dikes f¢g, fg3 and fgs, and a small number of
events were located near the anti-shear galleries located at
elevations of 1210 and 1180 m. During the following two
stages, the water level increased from an elevation of 1040
to 1080 m. No additional microseismic events occurred
near diabase dikes fgg, g3 and fgs, but a cluster of events
was observed near the anti-shear galleries at elevations of
1240, 1210, 1180 and 1150 m. In the last stage of
impoundment, the water level increased from an elevation
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Fig. 3 Layout of the
microseismic monitoring
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of 1080-1120 m. Major microseismic events were dis-
tributed around the anti-shear galleries at elevations of
1240 and 1210 m, whereas a few events were detected
adjacent to fault 231 and diabase dike f43.

In summary, the microseismic events were predomi-
nantly distributed near the anti-shear galleries and diabase
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1180 m Anti-shear gallery
1150 m Anti-shear gallery

1120 m Anti-shear gallery

1060 m Anti-shear gallery

dikes during the impoundment process. Moreover, the
microseismic events were distributed within the rock mass
at low elevations during the early stage of reservoir
impoundment. With increasing water level, more micro-
seismic events were recorded in the rock mass at high
elevations. During the period of water storage, the number
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Fig. 5 Monitored microseismic 1500 1500
activities in relation to the
geological features in the right
bank slope of Dagangshan
hydropower station during 1400 1400
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of microseismic events increased, with most events con-
centrated within the rock mass at high elevations.

3.2 Analysis of Seismic Deformation

Based on the spatiotemporal distribution characteristics of
the monitored microseismic events, with increasing water
level, the rock mass around the anti-shear galleries at high
elevations was frequently displaced, and the disturbance
became increasingly intense. The damage mechanism in
the right bank slope during water impoundment can be
understood by analysing the seismic deformation.

Jackson and McKenzie (1988) and Pondrelli et al.
(1995) quantified seismic deformation based on the rela-
tionship between rock mass deformation due to seismic
activities and the seismic moment tensor. Kostrov (1974)
determined the relation between the average strain &;
within a volume V and the sum of the seismic moment
tensors:

_ 1 &
J:—V; (1)

where M" is the ijth component of the moment tensor M of
the kth event and p is the shear modulus. If the time
interval is ¢, then the rate of the moment tensor M,j in the
volume V can be written as follows:

1 K
k
== EH: M 2)

Correspondingly, the average strain rate is calculated
according to the following equation.
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*500 600 700
Distance (m)

1 K

M = 2uV kz: (3)

Moreover, Savage and Simpson (1997) suggested that the
minimum scalar moment rate Mp;, is equivalent to the
principal strain rates £, and &, acting within the volume V:

Minin = 2uVmax([é1], [&2], |1 + é2) (4)

KA 2,uV

where max(|é], €], |é; + €2|) denotes the maximum of
|é1], |é2] and |é; + &;| and € and &, are the principal
extension and contraction strain rates, respectively.

Thus, the scalar form of the mean strain rate can be
written as follows:

M total

2uVt )

&=

where My, is the total seismic moment over the time
interval .

The parameters in Eq. 5, such as the seismic moment
M ota1, the structure block volume V and the time interval ¢,
can be obtained from seismic source data, which can be
easily collected by a microseismic monitoring system.
Thus, the mean strain rate can be calculated according to
Eq. 5 and can then be used as an index to analyse the slope
seismic deformation during water impoundment. Figure 7
illustrates the seismic deformation of the right bank slope
calculated using the proposed method during the
impoundment process. During the early stage of water
storage, appreciable deformation is observed in the
outcropping area of dikes ffgg and ffg3. Deformation in the
anti-shear galleries at elevations of 1240, 1210, 1180 and
1150 m is not evident at a water-level elevation of 1040 m
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Fig. 6 Distributions of the
monitored microseismic events
during the impoundment
process over a period of

28 days: a 7 days, b 14 days,
c 21 days, and d 28 days
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(Fig. 7). With increasing water level, the deformation in
the surface area of dikes ff¢g and fig3 decreases. By contrast,
in the anti-shear galleries at elevations of 1240, 1210, 1180
and 1150 m, deformation increases, and the area of
deformation increases at water-level elevations of 1060,
1080 and 1120 m, as shown in Fig. 7.

By definition, the mean strain rate is proportional to the
deformation rate, which is reflected in the sensitivity of the
structure to external loads. Thus, according to the previ-
ously introduced evolution of seismic deformation, a rock
mass block located at a low elevation in the slope deforms
rapidly when the impoundment water level is low, and the
deformation suddenly stops as the water level increases.
Simultaneously, the rock mass surrounding the anti-shear
galleries at elevations of 1240, 1210, 1180 and 1150 m is
disturbed by the impoundment of water, and the distur-
bance continues for a long time. Correspondingly, the
seismic deformation illustrated in Fig. 7 shows that
although the right bank slope is reinforced by anti-shear
galleries, unstable zones still exist within the slope. The
zone of instability mainly comprises the rock mass sur-
rounding the anti-shear galleries at elevations of 1240,
1210, 1180 and 1150 m; the instability in this region is
greater than that at lower elevations in the slope. The

u
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Seismic Deformation(s’l)
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1. Date: 2015.6.19 ©
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Seismic Deformation(s™)
6.02e-16 4.43¢-15

contours of energy density associated with microseismic
events with increasing water level are shown in Fig. 8.
Although the unstable blocks at low elevations are the first
to be disturbed during water storage, the energy released by
rock mass fracturing per unit volume in this region is small,
and the energy density distribution in this region is similar
to that in other regions. As the impoundment water level
increases, the energy released by rock mass fracturing near
the four upper anti-shear galleries becomes distinctly larger
than that in other regions; furthermore, the rock mass
fracture zone in this area tends to increase, as shown in
Fig. 8. Therefore, according to the evolution of the energy
density of the monitored microseismic events, the distur-
bance surrounding the upper four anti-shear galleries
becomes more active, and the rock mass becomes more
severely damaged as the impounded water level increases,
which also affects nearby areas.

3.3 Exploration of Slope Damage Mechanisms
Associated with Reservoir Impoundment

To investigate the slope damage mechanism during the

process of water impounding, a three-dimensional (3D)
numerical model was built according to the actual

u

. 1. Date:2015.6.12 (b)

EL 1060 m

Seismic Deformation(s™)
6.02e-16 4.43e-15
- -

.. Date:2015.6.26 (d)

EL 1120 m

Seismic Deformation(s™)
6.02¢-16 4.43e-15
- - .

Fig. 7 Evolution of the seismic deformation of the right bank slope during the impoundment process over a period of 28 days: a 7 days,

b 14 days, ¢ 21 days, and d 28 days
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Fig. 8 Evolution of the energy density of the right bank slope during the impoundment process over a period of 28 days: a 7 days, b 14 days,

c 21 days, and d 28 days

geological conditions of the right bank slope (Fig. 2a). The
model has dimensions of 914 m perpendicular to the river
flow direction, 400 m in the river flow direction and 720 m
in the vertical direction. The simplified 3D numerical
model includes the main dikes, faults, unloading fissure
zones and anti-shear galleries. The commercial software
ANSYS (ANSYS Manual 2000) was used to build the 3D
model, which was discretized into 571,080 hexahedral
finite elements and 600,700 nodes, as shown in Fig. 9. The
model was restrained in the normal direction to all lateral
boundaries. In addition, the bottom boundary was fixed in
all three directions (x, y and z), whereas the top surface and
the slope surface were free to move. The 3D finite element
model was imported into a user-developed 3D realistic
failure process analysis (RFPA-3D) code based on the
combination of the finite element method and damage
mechanics (Liang et al. 2012). This approach was then
used to simulate the progressive slope failure process
during water impoundment. The water load was applied to
the slope surface of the model, as denoted by the box with
the red dotted line in Fig. 9, and the physical and
mechanical parameters of the rock masses used in the
calculation are presented in Table 1.

The slope surface was reinforced by spraying concrete
after excavation (Fig. 1a). Thus, it was difficult for the
reservoir water to seep into the slope during impoundment.

Piezometers (Model 4500s) manufactured by Geokon were
installed at elevations of 936, 948 and 950 m on the
downstream right bank slope and at elevations of 1009,
1030, 1060 and 1120 m on the upstream right bank slope.
Piezometric records (Fig. 10) show that the water heads at
elevations of 950, 1009, 1060 and 1120 m of the right bank
slope were equal to O metres, and the water heads at ele-
vations of 936, 948 and 1030 m fluctuated within 2 m
during the process of water impoundment. Furthermore,
according to Fig. 5, the locations of most of the micro-
seismic events were higher than the maximum water level,
and the regions of concentrated microseismic events differ
from the locations of water head fluctuations. Therefore,
the pore water pressure has little effect on microseismic
activities; only the reservoir water pressure load is con-
sidered during the impoundment process, and any seepage
effects are neglected. Figure 11 illustrates the simulated
results when the impoundment water level reaches an
elevation of 1120 m. The rock mass damage can be
described by the damage variation (Fig. 11a). A damage
variation value of D = 0 indicates that no damage occurs,
whereas a value of D = 1 reflects element failure. Fig-
ure 11la shows that the failure elements are mainly dis-
tributed along the unloading fissure zones XL-915 and XL-
316 and fault f231; in addition, these elements are con-
centrated in the anti-shear galleries, whereas only a few
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Fig. 9 Finite element model of the right bank slope from different
perspectives

failed elements are distributed along dikes. The minimum
principal stress contour shown in Fig. 11b indicates that the
tensile stress zone covers the dikes, fissure zones, faults,

Table 1 Material parameters used in the simulation

anti-shear galleries, slope surface and top surface, whereas
the other regions are under compression. The strength of
the brittle rock mass under tension is much less than its
compressive strength. Thus, the elements in the tension
region are easier to damage, which explains the distribution
of the failure elements shown in Fig. 11a.

Because only the reservoir water pressure load is consid-
ered during the impoundment process, the magnitude of the
horizontal (x-direction) displacement is less than 10 mm
(Fig. 11c). However, the displacement field within the slope
is complex due to the effect of water pressure. The rock mass
in the slope cut by the unloading fissure zone XL-915 tends to
move. The bottom of the rock mass moves in the positive x-
direction, which is towards the valley, whereas the top of the
rock mass moves in the negative x-direction, which is away
from the valley. Figure 11c indicates that the bottom of the
rock mass surrounding unloading fissure zone XL-316 moves
in the negative x-direction, whereas the top of this rock mass
moves in the positive x-direction. Similarly, the bottom of the
rock mass that surrounds fault 231 moves in the negative x-
direction, whereas the top of this rock mass moves in the
positive x-direction. Due to the complex movement beha-
viour of the rock mass surrounding unloading fissure zone
XL-316 and fault f231, a transitional zone forms, as denoted
in Fig. 11c. The top and bottom of the transitional zone move
in opposite directions, with the transitional zone behaving
similarly to a rock specimen in a direct shear test. The anti-
shear galleries at elevations of 1240, 1210, 1180 and 1150 m
are located within this transitional zone.

In summary, the numerical simulation results reflect the
complex geological environment caused by unloading fis-
sure zone XL-316, fault 231 and several dikes. Complex
stress concentrations and displacements are induced in the
area around the four anti-shear galleries at elevations of
1240, 1210, 1180 and 1150 m during the impoundment
process. The numerical simulation also indicates that the
area surrounding the anti-shear galleries at elevations of
1240, 1210, 1180 and 1150 m is the major damage region
during the impoundment process. The numerical simula-
tion results are consistent with the data obtained from the
microseismic  monitoring technology presented in
Sect. 3.2.

Material ID Density (g cm ™) Compressive strength (MPa) Elastic modulus (GPa) Poisson’s ratio Frictional angle (°)
Slope 2.65 75 21.50 0.25 48
C25 concrete 2.40 25 30.00 0.20 40
Granite dyke 2.62 30 10.00 0.27 40
Diabase dyke 2.62 30 7.50 0.30 35
XL-316 and 231 2.45 15 0.25 0.40 30
XL-915 2.10 10 0.20 0.40 30
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4 Analysis of Progressive Microseismic Damage
in the Right Bank Slope Due to Reservoir
Impoundment

As described in detail in Sects. 2 and 3, part of the rock mass
in the right bank slope of the Dagangshan hydropower station
moves during the impoundment process, and as the water-
level rises, the location and area of the major damage in the
slope gradually change. In this section, to evaluate the sta-
bility of the right bank slope during water storage, a pro-
gressive microseismic damage model is established using the
information captured by the microseismic monitoring sys-
tem. The 3D finite element method RFPA3D-Centrifuge (Li
et al. 2009) is then used to compute the safety factor of the
right bank slope during impoundment, which is used to
evaluate the stability of this slope during impoundment.

4.1 RFPA3D-Centrifuge

In RFPA3D-Centrifuge, the material properties of the
numerical model are held constant, and the weight is grad-
ually increased (as in a centrifuge test) until the model fails.
Elastic—plastic and elastic damage models, as introduced by
Li et al. (2009), are implemented in RFPA3D-Centrifuge.
Prior to reaching the failure criterion, the elements in the
model remain elastic. When the failure criterion is satisfied,
the element fails, and its material parameters are changed to
residual values. The Mohr—Coulomb criterion with tensile
strain truncation is used as the failure threshold for the ele-
ments under compression in RFPA3D-Centrifuge. If the
maximum tensile stress of an element under tension reaches
the tensile strength, the element becomes damaged. During
the numerical simulation, a rock slope will become unsta-
ble when a complete slip surface is formed, and the corre-
sponding safety factor K is defined as the ratio of the self-
weight of the element at failure to that in its initial state:

T
150101

T 1 1
150301 150501 150701

Date

K:M: 1+(Step_ 1)Ag (6)
where Siep is the loading step when the slope fails; Ag is the
centrifugal loading coefficient, which represents the
increased percentage of the material weight in each loading
step; and 7 is the material unit weight. In RFPA3D-Cen-
trifuge, the heterogeneity of geological materials is con-
sidered by assuming that the mechanical properties, such as
the elastic modulus and the strength, follow the Weibull
distribution (Li et al. 2009). Considering the model and
parameter uncertainty, each safety factor calculation was
performed five times for each group of materials, and the
average of the five results was taken as the safety factor.

4.2 Microseismic Damage Model

Based on the theory that energy release and dissipation
during the damage process in rock are related to the rock
strength (Xie et al. 2005), Xu et al. (2014) developed a
microseismic damage model to evaluate the slope stability.
The damage variable D of the rock mass can be defined as
the ratio of the actual assigned energy AU of the rock mass
element to the total releasable elastic strain energy U¢. The
actual assigned energy AU can be calculated according to
the radiation energy Uy and the seismic efficiency #. Thus,
the damage variable D can be calculated as follows:

A
D— U:UM/}’]_UM

T Ue T U° qUe

(7)

where Uy can be obtained from seismic source informa-
tion; 1 is 0.001%, as obtained by blasting tests (Xu et al.
2014) on the right bank slope of Dagangshan hydropower
station; and U® can be calculated using Eq. 8 if the initial
elastic modulus Ej, Poisson’s ratio v, and the three prin-
cipal stresses of the rock mass are known.
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Fig. 11 Numerical results obtained for the right bank slope during
impoundment (only part of the model is depicted to clearly illustrate
the distributions of the damaged elements and the minimum principal
stress among all the anti-shear galleries). a Distribution of the
damaged elements, b distribution of the minimum principal stress (a
negative value represents tensile stress), and ¢ distribution of the
displacement in the x-direction in a typical section that includes all
the anti-shear galleries

1
Ut = 3E [0 + 05 + 05 — 2v(d102 + 0203 + 0103)]  (8)
0

4.3 Progressive Microseismic Damage Analysis

Slopes are unstable if the stress state satisfies the failure
criterion. In the case of partial failure, the stress state varies
within the slope, and the safety factor of the slope also
varies. Reservoir impoundment is a long-term process, and

@ Springer

failures within the slope during the process do not occur
simultaneously. Progressive microseismic damage should
be considered when evaluating the stability of a slope
during impoundment. When the safety factor of the right
bank slope of the Dagangshan hydropower station is cal-
culated using RFPA3D-Centrifuge during the impound-
ment period, the seepage effect and pore pressures are
neglected. The microseismic events monitored during the
impoundment process are again divided into four stages,
and the seismic source information in each stage is pro-
cessed individually and stored in four independent files; the
files are then used in the safety factor calculation, which
includes the effect of microseismic damage. To fully reflect
the progressive damage and the changes in slope stability
during the impoundment process, the material parameters
used in the earlier stages of the safety factor calculation are
adjusted to include the effects of microseismic damage for
use in the later stages. For example, the material parame-
ters used in stage two are determined based on the effects
of microseismic damage recorded in stage one. If an ele-
ment is not damaged in stage one, its initial material
parameters are used in the second calculation stage.
However, if the element is damaged in stage one, then the
material parameters used in stage two are adjusted
according to the following equations:

E, = (1 -D)Ey 9)
o1 = (1 —D)O’O (10)
vi = (14 D)y (11)

where D is the damage factor of the element damaged in
the previous stage; Ey, gy and vy represent the initial elastic
modulus, compressive strength and Poisson’s ratio,
respectively; and Ej, g; and v; represent the elastic mod-
ulus, compressive strength and Poisson’s ratio in the cur-
rent stage after considering the effects of microseismic
damage. To consider progressive microseismic damage,
the damage factor changes in different stages according to
the microseismic events, and the material parameters in
each stage change accordingly. For example, the material
parameters of the major damage regions in each stage are
listed in Table 2.

The finite element model shown in Fig. 9 was used to
calculate the safety factor of the slope during the
impoundment process. In the numerical model, the
centrifugal loading coefficient was set to 1%. Figures 12
and 13 illustrate the distributions of the maximum
principal stress and the damage elements, respectively.
The model used the centrifugal loading method for the
fourth stage of the monitored microseismic events to
explain the failure process of the right bank slope. Fig-
ure 12 shows that the tensile stresses in the regions of
the dikes, faults, unloading fissure zones and anti-shear
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Table 2 Material parameters of the major damage region in each
stage

Stage Compressive strength Elastic modulus Poisson’s
1D (MPa) (GPa) ratio

1 25.00 30.00 0.200

2 24.76 29.49 0.202

3 24.33 29.20 0.206

4 24.09 28.90 0.208

galleries are greater than those in other regions; in
addition, failure initially occurs in areas with high ten-
sile stress. Two main slip surfaces exist in the right bank
slope: One is the slip surface along unloading fissure
zone XL-915, and the other comprises unloading fissure
zone XL-316 and fault £231. Both slip surfaces form at
the top of the slope and gradually extend to the toe of
the slope with the accumulation of damaged elements.
Because no reinforcement measures are installed in the
unloading fissure zone XL-915, the integrated slip sur-
face forms in calculation step 11, as shown in Fig. 13.
However, because of the anti-shear galleries surrounding
unloading fissure zone XL-316 and fault f231, the slip
surface formed there does not cut through the anti-shear
galleries in calculation step 11, as illustrated in Fig. 13.
According to the finite element modelling, which
incorporates the effects of progressive microseismic
damage, and using Eq. 6, the safety factor of the slope is
calculated to be 1.10. The safety factors of the four
stages obtained using the numerical modelling that
considers progressive microseismic damage effects are
listed in Table 3. According to Table 3, the safety factor
of the slope is 1.10 during the impoundment process;
because this value is greater than 1.0, the right bank
slope of the Dagangshan hydropower station is generally
stable during reservoir impounding. Moreover, the
numerical results for step 6, as depicted in Fig. 13, show
that the damaged elements are mainly distributed along
the main dikes (fB43, Pes, Pg3 and fgs), sliding surface
XL-915 and the upper part of sliding surface XL-316/
f231 in accordance with the distribution of microseismic
events captured by the microseismic monitoring system
(Fig. 5). According to the centrifugal loading method,
the slope becomes unstable in calculation step 11;
however, the distribution of microseismic events during
impoundment agrees with the distribution of damage
elements in calculation step 6, which again indicates that
the slope remains stable during impoundment.

The factors obtained from the numerical modelling that
considers the effects of progressive microseismic damage
are plotted in Fig. 14 together with the change in the
microseismic event energy during impoundment. Table 3
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Fig. 12 Modelled failure process in the right bank slope in terms of
the distribution of the maximum principal stress (a negative value
represents tensile stress)
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Fig. 13 Modelled failure process in the right bank slope in terms of
the distribution of the damaged elements
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and Fig. 14 show that the safety factor decreases as the
water level increases, indicating that water storage has an
adverse effect on slope stability. Moreover, the safety
factor initially decreases quickly but then decreases slowly,
which is related to the energy released by the microseismic
events during each stage. Figure 14 clearly shows that the
event with the largest energy appears in the second stage;
correspondingly, the safety factor also decreases in this
stage. As the event energy in the other impoundment stages
is relatively small, no sudden decrease in the safety factor
occurs in the other stages, which demonstrates the suit-
ability of the proposed microseismic damage model for
evaluating the slope stability. Slopes are considered
unstable if the stress state satisfies the failure criterion. In
the case of partial failure, the stress state varies within the
slope, and the safety factor of the slope also varies.
Additionally, the progressive microseismic damage con-
siders the changes in the slope due to damage. The pro-
posed progressive microseismic damage model provides a
valuable tool for evaluating slope stability during reservoir
impounding.

5 Conclusions

Microseismic monitoring technology can provide abun-
dant seismic source information in regions of slope dis-
turbance during reservoir impounding. In this study, the
spatiotemporal distribution characteristics of monitored
microseismic events are used to determine the distribution
of and changes in slope disturbance in the right bank
slope of the Dagangshan hydropower station during
reservoir water storage. The seismic deformation reflected
by monitored microseismic events demonstrates the sen-
sitivity of the slope disturbance region. Furthermore, the
combination of seismic deformation and energy density of
the monitored microseismic events can be used to delin-
eate the major damage regions in the slope during
impoundment.

A 3D finite element model was built to calculate the
stress and deformation in the right bank slope during the
impoundment process. An analysis of slope displacement
shows that the anti-shear galleries at elevations of 1240,
1210, 1180 and 1150 m and the surrounding rock mass are
situated in a transitional zone. The top and bottom of the
transitional zone move in opposite directions, indicating
that the transitional zone is similar to a specimen experi-
encing direct shear. Numerical simulation reveals why the
rock mass in the major damage region of the slope moves
frequently, and a combination of numerical simulation and
microseismic monitoring reveals the damage mechanisms
in the right bank slope of Dagangshan hydropower station
during the impoundment process.
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Table 3 Safety factor values

Stage ID Safety factor
Group 1 Group 2 Group 3 Group 4 Group 5 Average
0 (no impoundment) 1.18 1.18 1.17 1.18 1.18 1.18
1 1.16 1.16 1.16 1.16 1.16 1.16
2 1.12 1.12 1.13 1.12 1.12 1.12
3 1.11 1.11 1.11 1.11 1.11 1.11
4 1.10 1.10 1.10 1.10 1.10 1.10
Fig. 14 Variation of the slope 50 - -1.18
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The stability of the right bank slope during the reservoir
impounding process is evaluated using a 3D finite element
modelling that considers the effects of progressive micro-
seismic damage. The safety factor of the slope decreases as
the water level rises during the impoundment process, with
an abrupt decrease in the safety factor observed at low water
levels due to the release of a large amount of microseismic
energy. The evolution of the safety factor reflects the pro-
gressive decrease in slope stability. The safety factor of the
slope obtained from the 3D finite element modelling that
incorporates progressive microseismic damage is 1.10,
indicating that the right bank slope at Dagangshan hydro-
power station is generally stable during reservoir impound-
ing. Progressive microseismic damage considers gradual
damage and continuous changes that occur within the slope
during the impoundment process. The 3D finite element
modelling, which considers the effects of progressive
microseismic damage, can reflect changes in the slope during
impoundment and can be used to appropriately evaluate the
safety factor and slope stability.
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