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Abstract:    The volume of influence of excavation at the right bank slope of Dagangshan Hydropower Station, southwest China, 
is essentially determined from microseismic monitoring, numerical modeling and conventional measurements as well as in situ 
observations. Microseismic monitoring is a new application technique for investigating microcrackings in rock slopes. A micro-
seismic monitoring network has been systematically used to monitor rock masses unloading relaxation due to continuous exca-
vation of rock slope and stress redistribution caused by dam impoundment later on, and to identify and delineate the potential 
slippage regions since May, 2010. An important database of seismic source locations is available. The analysis of microseismic 
events showed a particular tempo-spatial distribution. Seismic events predominantly occurred around the upstream slope of 
1180 m elevation, especially focusing on the hanging wall of fault XL316-1. Such phenomenon was interpreted by numerical 
modeling using RFPA-SRM code (realistic failure process analysis-strength reduction method). By comparing microseismic 
activity and results of numerical simulation with in site observation and conventional measurements results, a strong correlation 
can be obtained between seismic source locations and excavation-induced stress distribution in the working areas. The volume of 
influence of the rock slope is thus determined. Engineering practices show microseismic monitoring can accurately diagnose 
magnitude, intensity and associated tempo-spatial characteristics of tectonic activities such as faults and unloading zones. The 
integrated technique combining seismic monitoring with numerical modeling, as well as in site observation and conventional 
surveying, leads to a better understanding of the internal effect and relationship between microseismic activity and stress field in 
the right bank slope from different perspectives. 
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1  Introduction 
 
The rock slope stability and excavatability of 

rock masses are of significance problems in geotech-
nical engineering. This holds for both the design and 
construction stages. Nowadays, traditional measure-

ment techniques, such as multiple position exten-
someters, convergence meters, Global Positioning 
System (GPS) and surface subsidence monitoring, are 
very useful to monitor the surface deformation of rock 
slopes. However, it is unrealistic for them to effec-
tively monitor the occurrence of microcrackings in-
side rock masses prior to the formation of a macro-
scopic rock fracture outside the rock slope surface. 
These internal microfractures may often lead to mac-
roscopic instability failure of rock slopes. It can be 
concluded that there must be an intrinsic correlation 
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between micro-fractures (microseismicity) and rock 
slope instability failure. It is well known that rocks 
loaded in a testing machine and rock masses that are 
stressed near underground excavations emit detect-
able acoustic or seismic signals. If these signals can be 
recorded sufficiently clearly as seismograms by a 
number of sensors, the original time of seismic event, 
its location, source parameters such as source radius 
and dynamic stress drop can be estimated (Mendecki, 
1997; Cai et al., 2001). Thus, microseismic monitor-
ing approach has been adopted to locate such mi-
cro-fractures in rock engineering practices. 

Earthquakes, with a local magnitude lower than 
2.5, are called microearthquakes and are rarely felt. 
Microseismicity may be induced in mining areas, 
geothermal sites or hydroelectric reservoirs. Those 
microseismic activities involve changes in pore 
pressure, load, volume and stress, which would result 
in sudden shear failure in the subsurface, usually 
along the pre-existing weakness regions such as joints 
and faults. Therefore, long-term microseismic moni-
toring in related fields above would have the potential 
to reveal microcrackings geometry and to study the 
progressive failure of rock masses. Microseismic 
monitoring technique emerged from a pure research 
means to a mainstream industrial tool for daily safety 
monitoring for various geotechnical engineering 
during the past two decades. The approach has wide 
engineering applications in South Africa, Australia, 
Canada, Japan and North America. Some remarkable 
achievements have been obtained in open pit slopes 
(Lynch et al., 2005), underground mining (Cai et al., 
2001; Ge, 2005; Wang and Ge, 2008; Lesniak and 
Isakow, 2009), oil and gas exploration fields (Li, 
2009), tunnels (Hirata et al., 2007), and electricity 
generation by hot dry rock (Tezuka and Niitsuma, 
2000), etc. For example, Lynch et al. (2005) investi-
gated the engineering application of microseismic 
monitoring in two case studies. The results showed 
that surface movements inferred from microseismic 
monitoring data enjoyed a good spatial correlation 
with actual surface movements. Moreover, it also 
showed that carefully analyzed microseismic data 
could be used routinely to gain greater insight into the 
effects of mining and subsequently can result in more 
accurate assessments of slopes stability. Recently, 
with the rapid development of Chinese economy, 
mines proceed to greater depth and into more com-

plex geological settings. Simultaneously, civil engi-
neering projects, particularly large hydroelectric 
projects in southwest China, are being constructed. 
These geotechnical projects are confronted with vio-
lent rock mass failure due to deep cracks and faults, 
high stress levels, loose rock mass with low wave 
velocity, intense weathering, inter-layer extrusion 
zones and unloading fissures, etc. (Song et al., 2011). 
Microseismic monitoring technique has been utilized 
by many researchers in such projects. For instance, in 
order to monitor and analyze real-time microseis-
micity of the left bank slope at Jinping I Hydropower 
Station, along Yalong River in Sichuan Province, a 
routine microseismic monitoring system was imple-
mented in May, 2009 and the monitoring results can 
identify and delineate the rock mass failure zones and 
sliding surface (Xu et al., 2011; 2010a). Some re-
searchers (Zhang et al., 2000; Jiang et al., 2006; Li et 
al., 2007; Yang et al., 2007; Tang et al., 2009) inves-
tigated the relationship between microcrackings and 
rock burst in deep mines, and analyzed the possibility 
of predicting rock burst on the rules of microfractures 
monitoring using different microseismic monitoring 
systems. Jiang et al. (2006), Liu et al. (2009), and Li 
and Ji (2010) also used this technique to study the 
failure processes of geological structures (faults, karst 
collapse columns) and forecast their microseismic 
activities associated with water inrush in underground 
mines. Furthermore, the technique was conducted by 
Tang et al. (2011) to predict rock bursts of the 
deep-buried drainage tunnels with a maximum buried 
depth of 2500 m in Jinping II Hydropower Station. 
These achievements obtained play a significant role 
in solving the problems of mine field stress, slope 
instability, hydrofracturing as well as rock burst haz-
ards, and promote the application and development of 
microseismic monitoring technique worldwide. 
However, it is noteworthy that there are some dif-
ferences between underground mines and rock slopes 
in using microseismic monitoring techniques. The 
monitoring network in the former is usually installed 
in different underground tunnels with great buried 
depths, in order to gain the understanding of the ini-
tiation, accumulation and mitigation progresses of 
fracture clusters due to mining-induced microseis-
micity. Unlike an underground mine, a rock slope has 
a more definite geometry, possibly lower field stress 
or more serious tectonic stress. The main objective of 
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seismic monitoring in open pit slopes is to identify 
and delineate real-time micro-fractures in a whole 
perspective view, and thus to assess the slope stability 
(Lynch et al., 2005). 

This case study is the right bank slope of Da-
gangshan Hydropower Station, which is located at 
Dadu River in Sichuan Province, southwest China 
(Fig. 1). The project is one of the largest scale hy-
droelectric constructions that are currently exploited 
along the mainstream of Dadu River. The dam can 
control a drainage area of about 62 727 km2, 81% of 
the total drainage area of Dadu River. It has a  
double-curvature dam with a maximum height of 
210 m, and a total installed capacity of 2600 MW. The 
geological structures of this project are very complex 
because of the great variability in lithology and 
lithofacies, abutment fractures, strong weathering and 
widespread metamorphic terranes. The dikes,  
compresso-crushed zones, faults and joint fissures are 
developed in the dam area, such as the main dikes and 
faults of β5 (f1), γ15, β4, β85, β62, β83, β68, β117 (f78), β43, 
β8 (f7) and two deep unloading belts of XL316-1 and 
XL9-15. Complex geological conditions greatly af-
fect the engineering design and construction of the 
project (Shao et al., 2009). The layout of key water 
control and the right bank slope after excavation are 
presented in Figs. 2a and 2b, respectively (Shao et al., 
2006). The right bank slope of the project has com-
plicated geological conditions such as faults, dikes, 
unloading cracks zones and joints with cracks devel-
opment. In particular, faults X316-1 and f231 are the 
most significant factors to influence the stability of the 
rock slope. Weathering and unloading of rock mass 
inside the slope are also very serious. Natural slope 
surface orients 25°N–35°E and there are a variety of 
dikes oblique with bank slopes at a small angle. 
Therefore, tension fractures will easily occur at such a 
 

 
 
 
 
 
 
 

  
 
 

shallow slope. Plenty of investigations and excavations 
reveal that deformation failures have superficially 
occurred on the slope due to stress rearrangement as a 
result of sapping of the River. A typical transverse 
section VI–VI of the right bank slope is illustrated in 
Fig. 2c for in-depth understanding the complexity of 
geological conditions (Shao et al., 2006). 

This study attempts to demonstrate that the mi-
croseismic activity induced by continuous excavation 
of the rock slope is related to the behavior of the faults 
in deep rock mass. The volume of influence of the 
working areas governs the behavior. Two significant 
tools have been used: microseismic monitoring and 
numerical simulation. By analyzing the excavation- 
induced microseismicity, it is possible to identify and 
delineate the failure zones that underlie the micro-
seismic activity. A novel idea in the present study is to 
correlate microseismic monitoring records during 
slope excavation with other approaches including 
numerical modeling, conventional measurements and 
in situ observations. Through such a comprehensive 
analysis, the early warning and prevention of associ-
ated risks under difficult conditions at the right bank 
slope of Dagangshan Hydropower Station is proposed 
and implemented in this paper. 

 
 
2  Microseismic activity and monitoring  
system 

 
The microseismic monitoring network consists 

of Hyperion digital signal processing system, Paladin 
digital signal acquisition system, 24 uni-axial accel-
eration transducers with a natural frequency of 
10 kHz installed in boreholes that drilled from side-
wall of the tunnels in the right bank slope, and a 3D 
visualization system called microseismic monitoring 
 

 
 
 
 
 
 

 
 
 
 Fig. 1  Right bank slope of Dagangshan Hydropower Station, southwest China (from Google earth) 

(a) Overlook from whole China; (b) Dadu River at northwest China; (c) Dam site along Dadu River 

The r igh t bank slo pe 

(a) (b) (c) 
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system (MMS)-View on the basis of remote wireless 
transmission (Fig. 3). A total of 24 sensors are con-
nected to four substations (namely Paladin acquisition 
systems) using copper twisted-pair cables. The four 
substations are connected in series to the central sys-
tem (namely Hyperion processing system) using op-
tical fiber cables and network cables. The micro-
seismic monitoring installations are typically config-
ured using fiber optics, twisted-pair cable, radio te-
lemetry, or a hybrid combination of the above. Ulti-
mately, the seismic data recorded is transmitted from 
the on-site center to the office by general packet radio 
service (GPRS) for in-depth analysis (Xu et al., 2010b; 
2010c). For seismic events to be reliably located by an 
array of seismic sensors, the sensors should surround 
the volume of rock mass being monitored. Based on 
optimal design and implementation, the sensor array 
at the rock slope can cover a volume of around 400 m 
×400 m×600 m (length×width×depth) that has been 
validated through several artificial blasting tests (Xu 
et al., 2010b). Seismic location error is less than 10 m 
in the scope of sensor array. It demonstrates that the 
microseismic monitoring system presented here has a 
high positional accuracy. The scope of the sensor 
array can thus meet the global monitoring of deep 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
rock mass deformation from upstream to downstream 
of the rock slope as shown in Fig. 4. The final optimal 
arrangement of sensor networking is illustrated in 
Fig. 5. 

Paladin 
acquisition system 

Hyperion processing system 

MMS-View  
remote transmission system 

(a) (b) (c) 

(d)

Fig. 3  Constitution of microseismic monitoring system 
(a) Hyperion digital signal processing system; (b) Paladin 
digital signal acquisition system; (c) Acceleration transducer; 
(d) Center of the site monitoring system 
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Fig. 2  Geomorphic photo-
graph of the dam site 
(a) Layout of key water con-
trol; (b) Right bank slope 
after excavation; (c) A typical 
transverse section VI–VI of 
the right bank slope 
Figs. 2a and 2b can be found 
in (Shao et al., 2006) 
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During the first half year after debugging of the 
system, a large number of microseismic events have 
been captured. The monitoring system can be oper-
ated either in automatic or manual mode to obtain 
related parameters of microseismic events including 
source locations, released energy, magnitude, appar-
ent volume, apparent stress and seismic moment. The 
microseismic data recorded in the database is easy to 
access for generating reports by simple quarrying and 
for the data presentation in 3D visualization mode. 
Meanwhile, the contours of different seismic source 
location parameters for selected periods together with 
results of statistically analyzed data provide valuable 
information to understand the microcrackings be-
havior in deep rock mass of the slope (Urbancic and 
Trifu, 2000). The fundamental principle and technical 
parameters of microseismic monitoring technique 
were detailed in related studies (Urbancic and Trifu, 
2000; Xu et al., 2011; 2010a). 

 
 

3  Microseismic activity induced by con-
tinuous excavation of the rock slope 

 
To achieve meaningful results from analysis of 

seismic events, the real time seismogram data itself 
needs to be continuously and accurately recorded for 
the right bank slope. Plenty of various events such as 
microseismic events, production blasts, and some 
noises subjected to different constructions and ma-
chineries, etc., are recorded here. The events with 
large location errors were rejected manually. The raw 
data recorded were saved in a database which is 
available for offline processing, onsets checking and 
further data analysis. Tempo-spatial distribution of 
the seismic source locations and some characteristics 
of microseismicity are described as follows.  

3.1  Temporal variation of seismic sources  

After filtering out the noisy events, a dataset of  
420 seismic events was recorded within a given 
volume of interest during the period from May 12 to 
Oct. 20, 2010. 48% of the database was rejected as the 
signals of blasting events, mechanical vibration and 
background noise events. The rejection criterion is 
that other noisy events possess their waveforms dif-
ferent from those of microseismic events. A plot of 
cumulative number of seismic events recorded from 

Sensor 

S23 S24 

S22 

S20 

S19 

S18 S16 S17 

S15 

S14 

S12 S13 

S11 

S10 

S9 

S1 
S2 

S3 

S4 S5 

S6 

U 

N 

E 

PD314

Fig. 5  Spatial arrangement diagram of sensors at 11 ele-
vations (Note that three sensors Nos. 7, 8, and 21 will be 
installed later on due to the limitation of tunnel condition. 
The columns present different tunnels such as transporta-
tion tunnels, drainage tunnels, and exploratory headings) 

(a) 

Fig. 4  Location error analysis after optimal arrangement 
of sensors from a whole perspective (a) and north-easting 
plane looking down at 1135 m level (b). Different colors 
represent various seismic source location errors, the 
darker the color, the larger the error (Xu et al., 2010b) 
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the selected time shows one period of increased mi-
croseismic activity: July 20 to Aug. 5, 2010. This 
graph is compared with the time history of excavated 
rock mass at the bottom of the right bank slope as 
shown in Fig. 6. It shows that the curve of cumulative 
seismic events in Fig. 6a has almost the same ten-
dency as the curve of excavated volume of rock mass 
(volume blasted) in Fig. 6b. This is a good correlation 
which illustrates a clear consistency between the 
volume of rock mass being excavated and the total 
number of seismic events. Therefore, it can be noted 
that excavation activities play a great role on the lev-
els of extension fracturing within a rock slope—the 
deeper the slope is, the more stressed and therefore 
the more it fractures after being unloaded. Seismic 
data recorded here confirm this link, and go further by 
providing routine microseismic monitoring to quan-
tify the effects that excavation is having on the slope.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Additionally, Fig. 6a shows that the daily rate of 

seismic event ranges from one to seven with small 
bursts of activity per 5–7 d. The mean rate of events 
during the selected period is three per day. According 
to on-site investigation, swarms of microseismic 
events are caused by excavation-induced stress re-
distribution of rock masses inside the rock slope. 
Fig. 7 shows temporal distribution of moment mag-

nitude of microseismic events during the selected 
period. It shows that moment magnitude of seismic 
events is distributed around −1.2, which is apparently 
demonstrated in Fig. 8. Moreover, the frequency 
magnitude distribution outlines a b-value of 1.0 as the 
oblique line shown in Fig. 8. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.2  Spatial progression of fractures 

The spatial distribution of the events recorded 
during the selected period is shown in Fig. 9. Fig. 9a 
shows the absolute locations of all events including 
microseismic events, production blasts and some 
noises without manual processing. Fig. 9b shows the 
microseismic events recorded after eliminating in-
terference events. During this period of microseismic 
monitoring, the rock slope was excavated continu-
ously from the elevation 1070 to 980 m and  
shearing-resistance tunnels at 1120 and 1150 m ele-
vation were also excavated, respectively. The micro-
seismic events show that hypocenters are concen-
trated on these excavation zones and this phenome-
non is due to the excavation configuration. Fig. 9 
shows that seismic source locations follow the 
working faces and they are located where the exca-
vation is undertaken, making it possible to correlate 
them unambiguously with the construction areas 
(Abdul-Wahed et al., 2006). Therefore, the regions 
inside the right bank slope, where microseismicity is 
active or inactive, can be identified and delineated. 

Fig. 7  Temporal distribution of moment magnitude of 
microseismic events recorded during the selected pe-
riod (2010) 
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Fig. 6  Graph of the cumulative number of microseismic 
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mass removed from the right bank slope in chronological 
order  (b). The general forms of the two graphs are similar 
(in 2010) 

Fig. 8  Distribution graph of moment magnitude of 
seismic events 
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In addition, Fig. 9b shows the majority of mi-

croseismic events predominantly occurred around the 
elevation 1180 m of the upstream slope, especially 
focusing on the hanging wall of the fault XL316-1 
(Fig. 9c). The top view in Fig. 9c, looking from the 
upside, shows that the seismic events are being re-
corded at significant depths into the slope. However, a 
small number of seismic events occurred at the bot-
tom of the rock slope. This may be partly attributed to 
residual movements (e.g., unloading crack zones, 
developed dikes and faults) inside the rock slope at 
high elevations and/or the excavation of shear- 
resistance tunnels. On the other hand, it may be also 
partly due to high stress concentration at the slope toe 
because of slope geometry. It is known that seismic 
activity depends on stresses and tectonic conditions, 
herein the tectonic stress is probably less important in 
this zone and the compression stress (normal stress) is 
higher and helps to reduce the fracturing and the 
seismic emission. To highlight the relationship 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

between spatial distribution of microseismic events 
and the geological structure elements, Fig. 10 shows 
the density contours of seismic source locations in an 
aerial view. Note that microseismic events show 
strong correlation with structure elements on-site, 
particularly with fault XL316-1. 

3.3  Volume of influence 

Fig. 11 shows the area map of energy loss density 
induced by microseismicity of the rock slope since the 
operation of the seismic monitoring system. It can be 
observed that energy loss of microseismic events in-
duced by excavation is mostly concentrated above the 
elevation 1135 m of the right bank slope, with an ob-
vious spatial distribution along faults XL316-1 and f231. 
A small volume of energy loss by microseismicity 
occurred at the bottom of the right bank slope. How-
ever, the magnitude of energy loss is very small, and 
the potential impact on the rock slope stability needs a 
continuous database of seismic source locations for 

Fig. 9  Spatial distribution of all events without 
processing (a), microseismic events (b) and top view 
from the upside (c) of seismic events recorded from 
May 12 to Oct. 20, 2010  
It is evident that microseismicity is being recorded at 
significant depths here (the spheres denote seismic 
source locations, the size presents the moment mag-
nitude. The bigger the sphere is, the higher the moment 
magnitude is, and vice versa) 
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in-depth investigation. With accumulation of micro-
seismic data recorded and extension of excavation 
scale below 980 m level at the rock slope later on, 
further research on these results will be extensively 
studied through analysis of rock failure cases occurring 
in the deep rock mass. Moreover, comparison between 
Fig. 9 and Fig. 11 shows that seismic events mainly 
focused on the working zones, meaning that they can 
unambiguously be correlated with the advance of the 
rock slope excavation. This comparison shows that 
most of event clusters are concentrated around the 
construction areas. 

To continuously maintain the database of seis-
micity such as times, locations, magnitudes, seismic 
moments, radiated energies, sizes and stress drops, all 
seismic events recorded are very desirable. Addi-
tionally, the availability of waveforms of the micro-
seismic events recorded prior to large events and 
located within a few source diameters of that event 
would assist in back analysis and research. To study 
tempo-spatial changes in seismic parameters, e.g., an 
increase in the number of seismic events and in their 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

time of day distribution, a degree of acceleration in 
seismic deformation, a migration of density areas in 
energy loss of seismic events and to associate these 
changes with the instability of deformation within the 
volume of interest, the routine microseismic moni-
toring system should be run in real-time (Stacey et al., 
2004). Microseismic monitoring, which offers an 
efficient tool for the precise location of micro- 
fractures herein, is very helpful for identifying and 
delineating the microcrackings, and thus specifying 
the volume of influence of the right bank slope with 
continuous excavation in both time and space 
(Abdul-Wahed et al., 2006). The details of instability 
failure mechanism of the right bank slope will be 
investigated in the following numerical modeling. 

 
 

4  Numerical simulation of the right bank 
slope 

 
The main objective of numerical simulation 

conducted following is to better understand the be-
havior of the continuous excavation-induced progres-
sive failure of the right bank slope based on field ob-
servations, mainly microseismic monitoring. 

4.1  Introduction of the RFPA method 

A 2D finite element method (FEM)-based code 
called RFPA, developed by Tang and Kaiser (1998), 
Tang et al. (2000), Zhu and Tang (2006) and Zhu et al. 
(2010), was used. The RFPA can simulate the failure 
processes of rock mass under static or dynamic loading 
conditions. To simulate the failure processes, the rock 
medium is assumed to be composed of many 
mesoscopic elements whose material properties are 
different from one to another and are specified ac-
cording to the Weibull distribution, as defined by the 
probability density function as follows (Li et al., 2006):  

 
 
 
 
 
 
 
 
 

U 

N

E

Fig. 11  Density of energy loss induced by microseismic 
events 

Energy density (J/m3) 

(a) (b)

Fig. 10  Seismic source location 
density contours (number/m2) in 
northeast vertical cross-section 
looking north-easting (a), and 
north-easting plane looking down 
(b). The colors represent various 
quantities of seismic events per unit 
volume. The darker the color is, the 
larger the value of event density 
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where u is the mechanical parameter of the element 
(such as strength and Young’s modulus). The scale 
parameter u0 is related to the average of the element 
parameters. The parameter m defines the shape of the 
distribution function. In RFPA2D code, m is defined as 
the homogeneity index of the material. Fig. 12 shows 
three numerical samples, which consist of 100100 
elements, generated randomly according to the 
Weibull distribution with different homogeneity in-
dexes. Fig. 13 illustrates the properties of the Weibull 
distribution, and a larger value of m implies a more 
homogeneous material, and vice versa. In the defini-
tion of the Weibull distribution, the value of m must 
be larger than 1.0. In Fig. 12, the different degrees of 
grey color correspond to different magnitudes of 
element strength. It can be found that the strength of 
the elements is concentrated and close to u0 with the 
increase of homogeneity index. The higher homoge-
neity index leads to more homogeneous numerical 
samples. In general, it is assumed that the strength and 
Young’s modulus conform to two individual distri-
butions with the same homogeneity index. The 
Poisson’s ratio usually does not vary much in reality 
and often is not treated with variation distributions. 
The computationally produced heterogeneous me-
dium is analogous to a real specimen tested in the 
laboratory, therefore it is referred to as a numerical 
specimen in the present study (Tang et al., 2000; Zhu 
and Tang, 2006). In addition, the FEM is applied to 
obtain the stress fields in the mesoscopic elements. 
Elastic damage mechanics is used to describe the 
constitutive law of the mesoscale elements when the 
Mohr-Coulomb criterion and the maximum tensile 
strain criterion are utilized as damage thresholds 
(Zhu and Tang, 2006; Zhu et al., 2010). Detailed  
 
 
 
 
 
 
 
 
 

descriptions on the theoretical basis and three dis-
tinctive characteristics of the code have been pre-
sented in previous studies (Tang and Kaiser, 1998; 
Tang et al., 2000; Xu et al., 2011). 

Moreover, the basic principle of strength reduc-
tion method (SRM), which is an alternative approach 
to the failure analysis on rock or geological engi-
neering, is adopted into the constitutive model of 
elements described above. The shear strength reduc-
tion technique (Matsui and San, 1992) is applied to 
each element. The strength f0 addressed in the con-
stitutive model linearly degrades on the basis of the 
following equation: 

trial 0
0 trial

s

,
f

f
F

                            (2) 

where Fs
trial is the trial safety efficient, and f0

trial is the 
trial strength of element. f0

trial is employed in 
RFPA-SRM to investigate the strength of the geo-
logical medium (in this case, the rock masses). Rock 
slope failure processes in this study are examined. 
Numerical simulation of slope stability used by 
RFPA-SRM is run with f0

trial until the critical failure 
surface of the slope is determined. There are many 
approaches, such as non-convergence of the FEM 
solution and the formation of critical failure surface, 
etc., to define slope failure. The definition of the 
safety factor Fs of the slope in RFPA-SRM can be 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) (b) (c) Fig. 12  Numerical samples 
generated by RFPA2D with 
different homogeneity in-
dexes m 
(a) m=1.5; (b) m=5; (c) m=10 
 

 

Fig. 13  Curve of different homogeneity index 
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found in (Li et al., 2006). The progressive failure 
processes of the right bank slope in Dagangshan Hy-
dropower Station will be proposed as follows based 
on the SRM using RFPA2D. 

4.2  Numerical modeling and results 

A typical transverse section VI–VI of the right 
bank slope is obtained (Fig. 2c). The specific ge-
ometry and constraint condition for this model are 
shown in Fig. 14. The numerical domain of the rock 
slope, modeled by RFPA-SRM, has a dimension of 
1400 m×720 m, and is composed of 375×180 (67 500) 
quadrilateral iso-parametric finite elements. The 
analysis is carried out under plane strain condition. 
The rock mass is assumed to be heterogeneous with 
its mechanical properties defined according to the 
Weibull distribution, and no heterogeneity is adopted 
in Poisson’s ratio and internal frictional angle. The 
coefficient of strength reduction is 0.05 per step. To 
simplify the calculation model, only main rock 
masses and faults are considered. The mechanical 
parameters of different materials are listed in Table 1 
(Shao et al., 2009). Note that E represents elasticity 
modulus, μ means Poisson’s ratio, φ denotes internal 
friction angle, and c expresses cohesion. 

Applied with the RFPA-SRM, both factor of 
safety (Fs=1.515) and the corresponding shape and 
position of the potential sliding surface of the rock 
slope have been obtained. Furthermore, slope insta-
bility phenomenon was thus displayed through the 
progressive failure processes. 

Fig. 15 demonstrates the progressive failure 
processes and associated acoustic emission (AE)  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

distribution of the right bank slope in Dagangshan 
Hydropower Station. It can be seen that the maximum 
shear stress firstly occurred at the bottom of the slope 
(step 68-11 in Fig. 15a) with rock masses strength 
reduction. In the wake of continuous excavation at the 
bottom of the slope, sliding deformation at first hap-
pens at the top of the rock slope along the hanging 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

XL9-15 

Shearing resistance tunnel 
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Lithological boundary 
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7
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1400 m

II 
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IV

Fig. 14  Numerical model of transverse section VI–VI of the 
right bank slope in Dagagnshan Hydropower Station, Dadu 
River, Sichuan Province (the brightness of rock mass de-
notes the mechanical parameters such as elastic modulus 
and the magnitude of strength of elements, the brighter the 
color, the larger the value of the parameters) 

Table 1 Mechanical parameters of different materials

Shear strength 
Type 

E 

(GPa)
μ 

φ (o) c (MPa) 
Density
 (g/cm3)

II 18.50 0.25 52.43 2.00 2.65 
III2 5.00 0.30 45.00 1.00 2.62 
IV 1.25 0.35 38.65 0.70 2.58 
XL316-1 0.52 0.38 27.00 0.05 2.12 
XL9-15 0.61 0.34 30.20 0.06 2.06 
f231 0.48 0.38 25.00 0.08 2.20 
C25 28.00 0.20 45.00 2.00 2.50 

 

Step 68-11

Step 68-13

Step 68-15

Step 68-17

Step 68-20 

High stress  
regions 

Initial areas of sliding 

(a) (b) 

High stress regions

Final sliding surface 

Shear cracking

Tensile cracking

Fig. 15  Progressive failure processes of the right bank 
slope based on strength reduction method using the 
RFPA2D. (a) Maximum shear stress; (b) AE distribution 
The brighter the color is, the higher the shear stress 
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wall of fault XL316-1 (step 68-13 in Fig. 15a), then 
gradually extends and runs through the bottom from 
the top of the slope, finally leading to whole instabil-
ity failure. As shown at the step 68-20 in Fig. 15b, 
tensile failure focuses on the top of the slope, whilst 
shear failure concentrates on or near the toe of the 
slope, accompanying high energy release. As indi-
cated by Griffiths and Kidger (1995), both tensile and 
shear failures are triggered at the weakest elements, 
because the strength profile of the rock material is 
randomly distributed with specified mean and vari-
ance. Although under certain stress conditions frac-
tures can occur in the rock mass, pre-existing frac-
tures in the high stress zones in a slope will tend to 
open up. As the pre-existing joints and fractures in the 
high stress or stress difference zones open up due to 
the extension process, fractures would tend to grow 
into rock bridges causing microseismicity in such 
zones even if the magnitude of extension is not large 
enough to cause fresh fracturing in the rock masses 
(Stacey et al., 2004). These can also interpret why the 
majority of seismic events recorded during the se-
lected period occurs around 1150 m and higher ele-
vations along with the main faults XL316-1 and f231, 
but not near to the excavation faces at the bottom of 
the right bank slope. If the rock masses strength at the 
bottom of the slope cannot withstand the high stress 
induced by production excavation, slippage defor-
mation of fractures will occur along the deep fissure 
zones from the top of the rock slope. Many micro-
seismic events can be thus induced. The correspond-
ing AE distribution (Fig. 15b) simulated by RFPA 
code shows good correlation with those observed in 
the spatial distribution of microseismic events 
(Fig. 9). 

For the case study of rock slope, 2D (plane strain) 
modeling of the right bank slope was undertaken with 
the aid of a novel finite element code. The purpose of 
the numerical model was to investigate and model the 
failure mode described above and to use the model in 
the stability evaluation of the rock slope. The nu-
merical analyses suggest that the observed slope be-
havior was a direct result of the opening up of 
pre-existing slope parallel fractures and joints (i.e., 
faults XL316-1 and f231) and the growth of these 
fractures and the possible formation of new fractures, 
which due to the fact that further extension straining 
of the slope face will “open up” (Stacey et al., 2004). 

However, the reliability of numerical modeling could 
just be demonstrated from a 2D perspective in the 
present study. It cannot replay the whole failure 
process of the right bank slope in an overall perspec-
tive. A 3D model should be established to make 
in-depth investigation on the stress distribution and 
failure mechanism of the rock slope. The 3D  
numerical results will have a noticeable and realistic 
comparison with the results of microseismic  
monitoring. 

 
 

5  Correlation between numerical simulation, 
microseismic activity and routine monitoring 
of the rock slope 

5.1  Routine measurement data analysis 

To further analyze the correlation between rou-
tine measurement methods with microseismic moni-
toring, plenty of monitoring data recorded by con-
ventional measurement techniques such as bolt stress 
meters, multi-point extensometers, convergence 
gauges and anchor stress gauges, etc., were obtained 
at different elevations of the right bank slope to make 
comparisons with the tempo-spatial distribution of 
seismic source locations. Fig. 16 shows the arrange-
ment of conventional measurements apparatus and 
cracks distribution in the rock slope. Different sym-
bols denote different surveying instruments. In par-
ticular the solid lines express cracks occurred in the 
right bank slope. These cracks were discovered in the 
past few months during continuous excavation of the 
rock slope. Noise or “bumps” in the rock slope were 
audible by workers in the slope. It can be obviously 
seen from Fig. 16 that cracks are distributed mainly 
around the spandrel groove slope of the arch dam, 
exactly above the excavation regions of the rock slope. 
These cracks represent an approximation of the acti-
vated volume or of the volume of influence near to the 
construction areas as described in Section 3.3. With 
respect to the depth of the seismic source locations, 
the microseismic monitoring study conducted at the 
rock slope, demonstrated that most of the seismic 
events may be attributed to tension fractures induced 
by excavation disturbance at the bottom of the slope. 
Fig. 17 shows the displacement processes graph of 
surface crackmeter at exploratory heading PD314 of 
the right bank slope (note that sensors Nos. 9, 12 and 



Xu et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng)   2012 13(6):445-460 
 

456 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

13 are located nearby PD314, Fig. 5). The increase of 
the graph during the period of July, 2010 is a result of 
production blasts in the process of rock slope exca-
vation. Fig. 18 shows the displacement processes 
graph of graphite rod convergence gauge with six 
points at exploratory heading PD314 of the rock slope. 
Fig. 19 shows the absolute displacement processes 
graph of multi-point extensometer M3

12RBP at dam 
longitudinal 0+68.5 on the elevation 1075 m of the 
dam foundation. Compared Figs. 17–19 and Fig. 5, a 
similar growth trend is obtained during the period of 
July, 2010, especially at the end of the month. The 
same change is exactly attributed to production blasts 
in the processes of excavation of the rock slope ac-
cording to site observation and construction notes. To 
study the stress redistribution induced by continuous 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
excavation of the rock slope, stress processes graph of 
anchor stress gauge Rr

13RBP (Fig. 16) at the berm of 
1101 m elevation of the right bank slope is shown in 
Fig. 20. It can partly reflect the stress variance of 
anchor cable in the deep rock masses of the rock slope. 
On the contrary, unlike the results of Figs. 17–19, the 
data of anchor stress gauge Rr

13RBP (Fig. 20) is de-
creasing during the period from May to August, 2010. 
This can interpret the high stress release mechanism 
induced by energy loss of microseismic events inside 
the rock slope very well. Consequently, microseismic 
activity can be regarded as the precursor of surface 
deformation and even instability failure of the rock 
slope. The evolutionary pattern of stress accumula-
tion, stress releasing and stress migration in the 
preparation processes of potential instability disaster 
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is consistent with tempo-spatial distribution of mi-
croseismic events. 

5.2  Comprehensive analysis and discussion of 
different data   

The microseismic activity recorded during con-
tinuous excavation of the right bank slope was inves-
tigated using a microseismic monitoring technique, 
which was an entirely new measurement method in 
hydroelectric projects. Seismic events were grouped 
into different families such as microseismic events and 
production blasting events, etc., after filtering out 
many background noises manually (Abdul-Wahed et 
al., 2006). The tempo-spatial distribution of the 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
seismic events shows that the zone affected by intense 
microseismic activity primarily concerns the leading 
edge of the excavation faces and the pre-existing 
joints and faults and some potential unknown geo-
logical structures (Figs. 9 and 11). This leads to the 
conclusion that the regions inside the right bank slope, 
where microseismicity is active or inactive, can be 
identified and delineated. Detailed analysis of high 
resolution seismic monitoring data from continuous 
excavation of the rock slope demonstrates enormous 
potential for using this data to track excavation 
propagation and to better understand the excavation 
process and seismic hazard in rock slopes. 

As is known, the excavation of rock slope in-
evitably leads to stress transfer in the surrounding 
rock masses, in the form of either stress release or 
stress accumulation. Microcracking (i.e., AE) may 
take place in the regions of stress accumulation. The 
microcracking phenomenon exactly reflects the re-
sponse of rock slope to stresses, or called the “out-
come” of stress field. The numerical modeling used 
by RPFA-SRM displayed the progressive failure 
processes of the right bank slope successfully. Thus, 
the high stress field and high stress difference zones 
and related AE distribution of the rock slope were 
obtained. Comparison between Fig. 9c and Fig. 15 
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illustrates that microseismic events are being re-
corded at significant depths into the slope. Recon-
ciliation between modeled and recorded spatial zones 
of high stress is important for a more complete un-
derstanding of the potential instability evolution of 
the right bank slope. It can be concluded that the 
zones identified by the location of the predominant 
microseismic activity are well correlated with the 
zones of high stress identified by numerical modeling. 
The most significant result is the demonstration 
through the location of microseismic activity and the 
results of numerical modeling of an extension of the 
stress pattern developed in the working areas. 

The results from microseismic monitoring and 
numerical modeling are also in accordance with the 
interpretation stemming from in situ observations on 
the volume of influence induced by excavation at the 
bottom of the rock slope (Fig. 16). These two tools, 
integrating with traditional monitoring methods and 
in situ observation, and the correlation amongst them, 
are useful in explaining the behavior of potential 
instability mechanism of the slope. The internal effect 
and correlationship between microseismic activity 
and stress field in deep rock masses of the right bank 
slope can thus be in-depth analyzed from different 
perspectives. 

 
 

6  Conclusions 
 

This research focuses on precisely determining 
the volume of influence of the right bank slope at 
Dagangshan Hydropower Station from the joint in-
vestigation of microseismic activity, numerical 
simulation, conventional measurement methods and 
in site observation. The following conclusions can be 
drawn as follows: 

1. The design and installation of the microseis-
mic monitoring system carried out at the rock slope is 
confirmed to be reasonable and available according to 
the continuous useful data recorded. As a real-time 
and regional technique, microseismic monitoring can 
not only provide invaluable information on the 
tempo-spatial distribution and characteristics of  
excavation-induced microseismicity, but also give an 
indication whether a particular known geological 
structures is seismically active or not. Planes of 
weakness defined by microseismic events may indi-

cate previously unknown geological structures. 
2. The current microseismicity mainly occurred 

around the elevation 1180 m of the upstream slope, 
especially concentrating on the hanging wall of the 
fault XL316-1. This is predominantly attributed to 
continuous excavation of the shearing-resistance 
tunnels at 1120 and 1150 m elevation. Seismic source 
locations thus show strong correlation with structure 
elements on-site. Compared with conventional sur-
veying data, it should be mentioned that excavation of 
the lower slope inevitably leads to stress release and 
migration in the surrounding rock masses, which will 
cause slipping deformation of the upper slope along 
the main faults. As a result, microcrackings (here 
named microseismicity) take place at the deep rock 
masses of upper slope. 

3. Numerical modeling based on the RFPA-SRM 
code was performed. The progressive failure proc-
esses and associated AE distribution of a typical sec-
tion VI–VI of the rock slope were obtained. Shear and 
tensile failures triggered at the weakest elements (i.e., 
faults XL316-1 and f231) are in accordance with spa-
tial distribution of microseismic events recorded. The 
results of numerical simulation and microseismic 
monitoring are also very close to those of in situ ob-
servation and in behavior of lower slope excavation. 

4. Compared with conventional measurement 
results, the evolutionary pattern of stress accumula-
tion, stress releasing and stress migration in the 
preparation processes of potential instability disaster 
of the rock slope is consistent with tempo-spatial 
distribution of seismic source locations. Meanwhile, 
the usefulness of microseismic monitoring stems 
from the fact that microcrackings is located by the 
seismic monitoring system wherever they occur, and 
thus a 3D picture of cracks is obtained, unlike the 1D 
or 2D data obtained from conventional monitoring. It 
is not so much a short-term slope failure warning 
technique, but rather a system for long-term under-
standing of where and when rock failures are occur-
ring in deep rock mass of the rock slope. Therefore, 
microseismic activity can be regarded as the precur-
sor of surface movement and instability failure of the 
slope. As such, the technique may become comple-
mentary to the routine measurement techniques.  

5. The presented results demonstrate that the 
combination of numerical simulation, microseismic 
monitoring, conventional surveying and in situ  
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observation approaches leads to a better understand-
ing of excavation behavior of the rock slope and a 
more satisfactory control of the working in terms of 
safety in complex geological and excavation condi-
tions. 

Finally, a promising prospect that the micro-
seismic monitoring technique will be widely used in 
more and more large-scale hydroelectric projects can 
be delineated. With the development of the method-
ology and technology of microseismic monitoring, 
the complexity of the subjects requires a commitment 
from the administrative departments in the form of a 
dedicated engineer or scientist who will operate the 
system. The full benefit of microseismic monitoring 
in rock slopes and other underground engineering is 
attained when this person is prepared to say ‘I love 
my seismic system’ (Mikula, 2005). 
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