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The objective of this study was to investigate the rockburst nucleation process and provide a theoretical basis for its prediction. A
microseismic monitoring system was established in deep tunnels at Jinping II Hydropower Station. Using a digital multichannel
microseismic monitoring system and monitoring technique, twenty-four-hour continuous real-time monitoring of microseismicity
was realized in diversion tunnel #3. Substantial microseismic monitoring data were acquired to study the macroscopic instability
failure mechanisms in the rockburst nucleation process in terms of dynamic crack propagation, including microcrack initiation,
development, propagation, shear zone formation, and coalescence. The intrinsic relationship between the spatiotemporal evolution
patterns of the microseismicity and the rockbursts was preliminarily explored. The monitoring and analysis results indicated
that the driving source of certain rockbursts could be expressed as the combined results of the local rockburst energy and the
transfer energy; that is, Eqe = Ejocal T Egansier- Strong rockbursts can induce the recurrence of rockbursts in nearby locations. In
addition, a comparative analysis of the formation and failure mode of molds in underground caverns was performed using the finite
element analysis program RFPA. Based on this engineering study, we verified the feasibility of applying microseismic monitoring

to rockbursts in deep rock tunnels.

1. Introduction

With gradual implementation of the Chinese Western
Development Project, the South-to-North Water Diversion
Project and the West-to-East Power Transmission Project
have entered a critical stage. In numerous civil engineer-
ing projects (e.g., highway traffic, water conservation, and
hydropower), an increasing number of deep, long, and large
tunnels are under construction, and the effects of the length,
depth, width, and grouping of these underground caverns are
increasingly evident. The characteristics above have caused
numerous deep rock mechanics problems, especially rock-
bursts. Rockbursts can destroy underground structures, dam-
age production facilities, and seriously threaten personnel
safety. Rockbursts have become a major technical bottleneck
in the development of deep underground engineering in
China [1, 2].

Rockbursts are a dynamic instability phenomenon asso-
ciated with bursting loose, stripping, ejection, and even

catapulting of rocks, where these effects are caused by the
sudden release of accumulated elastic strain energy from
brittle surrounding rocks during the excavation of under-
ground caverns under high stress. A rockburst is a dynamic
geologic disaster triggered by progressive rock failure [3].
Nearly 280 years has elapsed since the first recorded rockburst
in a British tin mine in south Stafford in 1738 [4]. Rockbursts
are common in South Africa, primarily in gold mines. In
1975, 680 rockburst events occurred in 31 gold mines in South
Africa, resulting in a death toll of 73 and the loss of 4800 pro-
duction shifts. On November 28, 2009, an extremely strong
rockburst occurred suddenly in a construction drainage
tunnel at Jinping II Hydropower Station in Sichuan Province,
China (the rockburst is shown in Figurel). Over 28 m of
the tunnel support systems was completely damaged, the
deepest crater caused by the rockburst was nine meters deep,
and the total collapse area exceeded 400 m’. Additionally, a
tunnel boring machine (TBM) worth 120 million yuan was
permanently buried, and construction was stopped. More
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FIGURE 1: On-site photos showing strong rockburst failure in drainage tunnel at Jinping IT Hydropower Station, Sichuan, China (November
28,2009). (a) The support systems were seriously damaged and a large area of rocks burst and collapsed. (b) Experts investigated the accident

scene after the strong rockburst.

unfortunately, this rockburst resulted in seven dead workers
and one injured.

The mechanisms by which rockbursts occur are suffi-
ciently complex that it is even difficult to reach a consensus on
the definition of a rockburst [6]. Numerous basic and exper-
imental studies of rockburst have been conducted worldwide
based on strength theory [7], stiffness theory [8, 9], energy
theory [10], impact proneness theory [11], damage theory
[12], fracture theory [13], and instability theory [14]. At the
same time, many studies involved attempts to monitor and
predict rockburst events, including the microgravity method,
rheologic method, rebound method, drilling-yield method,
and microseismic method [15]. Although all of these methods
have been used, none has proved to be adequately reliable.
One innovative idea is to combine comprehensive criteria
and classification studies with experimental, simulated, and
microseismic monitoring. This is expected to be tested in
practice. Therefore, monitoring and predicting rockburst
disasters has been one of the most urgently pursued topics in
underground engineering in recent years. A successful and
mature monitoring system for rockburst prediction has not
yet been developed [16].

Long-term research has shown that shear failure is the
primary mechanism responsible for rockbursts, as is the
case in earthquakes. Rockbursts also exhibit scale invariance.
In other words, there is no systematic difference between
the physical nature of rockbursts and earthquakes. With
the development of geophysics and quantitative seismol-
ogy, microseismic monitoring information has been used
to study rockburst mechanisms and predict rockbursts.
Several innovative studies have been conducted overseas
using theories from microseismic monitoring methods. In
a review of mining-induced microseismicity, Gibowicz [17]
introduced research advances in microseismicity result-
ing from mining, including improvements in microseismic
monitoring systems, insight into microseismicity-inducing
mechanisms, and the possibility of prediction, prevention,
and control of microseismicity. Srinivasan et al. [18] used
microseismic events, microseismic energy, and the dominant
event frequency as short-term predictors of rockbursts using

microseismic monitoring techniques in the Kolar gold mine
in India. Based on solid strength kinetic theory and the
stiffness inclusion model, Mansurov [19] analyzed changes
in relevant parameters of the rock mass that preceded
rockbursts in the bauxite deposits in the North Urals Bauxite
Mine, and such changes were used to study patterns of
variations in microseismicity preceding rockbursts and to
conduct rockburst prediction and forecasting. Based on a
case study in the Lockerby Mine, Mercer [20, 21] used
microseismic monitoring, stress field testing, and simulation
calculations to statistically analyze microseismic and stress
variables and then obtained a reasonable correlation between
these variables. In China, Xie and Pariseau [22] studied the
spatiotemporal distribution of microseismicity using fracture
theory and damage mechanics. Microseismic events were
observed to exhibit a fractal spatial structure. The fractal
dimension reflects, to some extent, the stage to which changes
in microseismicity have progressed and can thus serve
as an indicator for rockburst prediction. Tang [23] devel-
oped a seismogenic nucleation model and used the South
African microseismic monitoring system ISSI to investigate
the spatiotemporal patterns of mine seismicity and their
corresponding relationship to mining activity. The relative
changes in seismic stress and seismic displacement were used
as important evaluation criteria for earthquake preparation
and nucleation. The resulting model was applied successfully
to rockburst prediction at the Dongguashan copper mine.
Zhao et al. [24] studied the microseismicity in a potential
rockburst zone during deep excavation in the Hongtoushan
copper mine using a microseismic monitoring system. A
nonlinear time series analysis of continuously monitored
microseismic events was performed, and a potential rock-
burst was predicted based on the number of microseismic
events that occurred per unit of time.

There are two limitations in the aforementioned studies of
the nucleation process and precursory characteristics of rock-
bursts. (1) The traditional methods that have been used pri-
marily include theoretical analysis (strength theory, energy
theory, stiffness and buckling theory, etc.), conceptual mod-
els, and multiple discrimination formula (Hoke criterion,
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TABLE 1: Strata physical and mechanical properties for the Jinping project.

Elastic Poisson i . . Weight Uniaxial compressive
modulus/Gpa ratio Friction angle/ Cohesion/MPa t/m’ strength/MPa

Ty, Baishan group 18.9 0.23 25.8 15.6 275 86
marble

T, Yantang group 170 0.22 26.7 13.2 271 70
marble

T, Sandstone and

slate in upper 12.0 0.30 25.9 10.1 274 114
Triassic

T, Chlorite schist 6.53 0.32 36.0 2.6 272 79

T, Zagunao group 170 0.22 26.7 132 271 78

marble

Turchaninov criterion, Russenes criterion, etc.). Those meth-
ods can only make criterion to rockburst risk on the basis of
static quantitative calculation results. However, the essence of
rockburst nucleation and development process is a dynamic
damage process in terms of microcrack initiation, develop-
ment, propagation, and macroscopic failure. If a study is
based only on the results of static calculations, it is difficult
to conduct a reasonable evaluation of the risk of rockbursts;
therefore, there are limitations. Dynamic and quantitative
monitoring analysis of rockburst evolution can better reflect
dynamic instability failure in an actual rockburst event. (2)
Previous studies have primarily focused on rockbursts or
pressure bumps in metal and coal mines. Thus far, few
studies and reports of rockbursts in deep tunnels have been
published.

To address these issues, our study was conducted using
engineering practices in the deep diversion tunnel at the
Jinping II Hydropower Station. Substantial microseismic
monitoring data were obtained from a digital multichannel
microseismic monitoring system. The mechanisms of rock-
burst nucleation and development were investigated in terms
of dynamic crack propagation by considering microcrack
initiation, development, coalescence, and instability failure
during rock damage in underground caverns. The intrinsic
relation between rockbursts and the spatiotemporal evolution
patterns of the microseismicity during instability failure of
the underground surrounding rocks was explored. The results
are a preliminary demonstration of the feasibility of using
a microseismic monitoring system for real-time monitoring
and prediction of rockbursts in deep rock tunnels. A novel
research tool has also been developed for late-stage excava-
tion and safety management of underground caverns.

2. Brief Introduction of Jinping II
Hydropower Station Project

2.1. Overview. The Jinping II Hydropower Station is located
in the Jinping River Bend on the main stream of the Yalong
River, which is located at the junction of three counties (Muli,
Yanyuan, and Mianning) in the Liangshan Yi Autonomous
Prefecture, Sichuan, China. Jinping II exploits the natural
elevation drop at the Jinping Bend of the Yalong River by

cutting across the Bend and using straight diversion tunnels
to divide the water and generate power. Jinping II is an
important cascade hydropower station on the main stream of
the Yalong River, with a total installed capacity of 4800 MW
and a unit capacity of 600 MW. The hydropower station
is composed of seven parallel tunnels (shown in Figure 2):
diversion tunnels #1-4, one construction drainage tunnel, and
auxiliary traffic tunnels A and B. The diversion tunnel line
is approximately 16.67 km long and is at a typical depth of
1500-2000 m, with a maximum depth of 2525 m. Of the total
length of the tunnels, 75.8 percent is at depths exceeding
1500 m. Two of the diversion tunnels (#1 and #3) and the
drainage tunnel were constructed by TBM tunneling, and
the excavation sections were 12.43 m and 72 m in diameter,
respectively. The other two diversion tunnels (#2 and #4)
were constructed by drilling and blasting, and the largest
excavation section was a 13 m horseshoe-shaped tunnel.

2.2. Geological Settings. Jinping II is located in a topographic
slope border region of the Qinghai-Tibet Plateau and the
Sichuan Basin. The fault systems can be classified in terms
of their structural features, distribution, and orientation into
four groups: NNE, NNW, NE-NEE, and NW-NWW. All
four groups of faults tend to dip steeply. Among these four
groups, the NNE and nearly EW (NWW and NEE) trending
tensile-shear joints are well developed. The primary axis of
the tunnel has an azimuth of N58°W. The strata that the
headrace tunnels pass through are all Triassic strata, namely,
Triassic (T}), Yantang group marble (T},), Baishan group
marble (T,), Zagunao group marble (T},,), and Sandstone
and slate in upper Triassic (T3). The physical and mechanical
properties of the strata are listed in Table 1. The rocks are hard,
brittle, complete, and dense, exhibit high self-sustained car-
rying capacity, and provide good cavitation conditions. The
maximum, intermediate, and minimum principal stresses all
increase with depth. The maximum principal stress is nearly
70 MPa in the direction of S18-54°E and at a dip of 24-73".
This maximum first-principal stress is likely located at a depth
of 9 km at the western end of the diversion tunnel, which is
at the greatest depth along the vertical section of the tunnel.
The engineering geological profile and the surrounding rock
classification are shown in Figure 3.
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FIGURE 2: Overview of the Jinping II Hydropower Station. (a) Layout of the Jinping hydropower project across the Yalong River; (b) location
of the Jinping II Hydropower Station; and (c) configuration of seven tunnels [5].
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FIGURE 3: Geological profile along the tunnel alignment.
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2.3. Microseismic Monitoring System and Monitoring Meth-
ods. Microseismic monitoring is an advanced spatial three-
dimensional rock microcrack monitoring technology devel-
oped in recent years that has been rapidly developed and
widely applied to deep underground engineering in several
countries, including Canada, Australia, South Africa, the
United States, and Japan [25-29]. Microseismic monitoring
has become an important tool in dynamic geologic disas-
ter monitoring and safety management [30]. Microseismic
monitoring is a geophysical method that is used to monitor
the development and location of microcracks that are gen-
erated during rock deformation and failure. When external
disturbances induce cracks in the rock, the accumulated
internal strain energy is released in the form of elastic waves
that produce microseismic events (MS events). Microseismic
monitoring has been extensively used in a wide range of fields,
such as mining engineering [31], underground oil and gas
material storage [32], slope engineering [33], and hot dry rock
power generation [34].

The Jinping II Diversion Tunnel Monitoring Project was
implemented using a microseismic monitoring system that
was manufactured by ESG (Engineering Solutions Group,
Canada). The monitoring system consisted of the following
primary components: Paladin digital signal acquisition sys-
tem, Hyperion digital signal processing system, acceleration
sensors, a data communication modem, electrical and opti-
cal cables, and MMS-view visualization software based on
remote transmission by a wireless network (Figure 4).

Based on the geologic-geomorphologic characteristics of
the deep diversion tunnels and the features of the tunnel
sections in Jinping II, six-channel data loggers were arranged
at the rear of the working face of diversion tunnel #3. This
configuration facilitated continuous real-time monitoring of
the microcracking activities that were generated during rock
unloading and multiple aspects of source information regard-
ing massive microseismic events were acquired (e.g., spa-
tiotemporal data, error, magnitude, and energy). The system
filtered the acquired data and provided complete waveform
and spectral analysis diagrams. The system automatically
identified the type of microseismic events and eliminated
noise events using technologies such as threshold setting and
broadband detection. Details of the microseismic monitoring
and analysis system are shown in Figure 5. The acceleration
sensors were installed in an array at the spandrels of the
north and south walls. First, two sensors were placed 25m
apart at a distance of approximately 50 m from the rear of the
working face. When the TBM advanced approximately 25 m,
the two sensors in the rear of the working face were moved
forward to a location approximately 50 m from the working
face. This process was repeated such that the microseismic
monitoring system closely followed the working face. Thus,
the data acquisition was coordinated with the TBM motion,
and continuous real-time monitoring was achieved.

2.4. Monitoring Range Selection. In diversion tunnel #3,
the section from K8 + 000 to K11 + 000 is 1900-2525m
deep (the maximum depth of the entire tunnel section
is 2525m), which is classified as a great depth zone. The
maximum, intermediate, and minimum principal stresses

increase with depth. The engineering geological profile is
shown in Figure 6. In the project area, karst and groundwater
are poorly developed. Lithologically, the formation is primar-
ily composed of T,, gray-grayish white, dense, and thickly
bedded crystalline limestone and marble. The surrounding
rocks are mainly dominated by class II-IIT rocks, which
are thickly bedded and exhibit good integrity due to their
stiffness and brittleness. In the monitoring areas, the stress
is mainly from the gravity field, the maximum principal
stress exceeds 65MPa, and thus this zone is classified as a
high-stress zone. The measured rockburst proneness index
W,, ranges from 1.32 to 5.8: thus, the rock mass contains
high energy along the tunnel axis, which is consistent with
the strength conditions necessary for high-stress failure.
Therefore, it is not only fundamentally interesting but also
practically important to perform a comprehensive study of
the surrounding rock lithology in combination with the geo-
logic conditions, and the rockburst proneness index was used
to select representative areas of frequent microseismicity and
strong rockburst proneness as the key point of microseismic
monitoring and analysis.

3. Microseismic Monitoring Results
and Analysis during TBM Tunneling in
Diversion Tunnel #3

3.1. TBM Excavation. Table 2 shows the excavation progress
of the TBM from January 20 to March 1, 201l. From late
January to February 3, the TBM was in the excavation stage
during which the tunnel was being undercut. Despite the high
tunneling speed, preexcavation of the pilot tunnel partially
released stress and energy, which substantially reduced the
local stress concentration in the rock mass. No rockburst
occurred during this period. From February 4 to mid-
February, the TBM excavation entered the full-face excava-
tion stage. Multiple strong rockbursts occurred during this
period, which reduced the excavation speed: the tunneling
footage was also relatively short. The TBM was affected by
rockbursts in mid-February, and operations were halted for
personnel and equipment safety. Except for 4 m of tunneling
on February 21, no footage was recorded in late February.

3.2. Spatiotemporal Distribution Characteristics of Microseis-
micity. Figure 7 presents a projection map of the spatiotem-
poral (time, location, and moment magnitude) distribution
of the microseismicity from January 20 to February 21,
2011. Each ball represents a microseismic event: the size of
the ball denotes the energy level, and its color denotes the
moment magnitude. The microseismicity distribution from
January 20 to February 5, 2011, is shown in Figure 7(a).
During this period, the TBM was in the excavation stage
where the semiface of the tunnel was being undercut. As
the stress and energy had been partially released by the pilot
tunnel, this tunnel section was primarily associated with
low-energy and small-magnitude microseismic events. The
discrete distribution of these microseismic events resulted in
a low potential for large-scale rock failure. From February
6 to February 10, the number of microseismic events and
the energy release exhibited an increasing trend. The number
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FIGURE 4: Constitution of microseismic monitoring system. (a) Hyperion digital signal processing system. (b) Paladin digital signal acquisition
system. (c) Acceleration sensor. (d) Center of the site monitoring system.

of events was significantly impacted by the TBM excavation
the day before the rockburst (February 11). The number
of microseismic events increased to produce a cluster in
the north sidewall 25 m from the rear of the working face.
Meanwhile, there was an abnormal energy release from the
surrounding rocks (Figure 7(b)) that was significantly higher
than the early release and showed clear signs of rockburst.
From February 11 to February 16, a cluster of microseismic
events was observed in tunnel #3 from K9 + 629 to K9 + 639
(designated #3K9 + 629 to K9 + 639), while substantial energy
was released from the surrounding rocks (Figure 7(c)). A
total of 13 microseismic events occurred on February 16.

These events exhibited a significant level of activity with
accelerated clustering. A preliminary analysis indicated that
the surrounding rocks began to enter the failure stage
after reaching their peak strength, and a rockburst danger
zone reappeared. There were few microseismic events from
February 17 to February 21; however, the distribution of
these events reflected significant clustering, and events with
high energy and large magnitude were continuously being
generated (Figure 7(d)). The cumulative energy release from
the surrounding rocks was significantly greater than that
at the earlier stage and formed a zone of concentrated
microseismicity at #3K9 + 607 to K9 + 622. During this
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FIGURE 5: The monitoring and analysis system for rockbursts during TBM tunneling for Jinping IT Hydropower Station.

period, medium-to-strong rockbursts occurred three times,
resulting in landslides in multiple areas at the rear of the
working face.

3.3. Microseismic Energy Dissipation, Energy Density, and Pre-
liminary Delineation of Rockburst Danger Zone. The micro-
seismicity rate and the dissipated energy versus time (January
20 to February 21, 2011) are shown in Figure 8. Before the two
strong rockbursts (on February 11 and February 21), there was
a significant level of microseismicity, and the energy release
from microcracking of the rock masses trended upward.
There were sudden and sharp increases in the energy release.
There was a significant cumulative energy release from the
microseismicity, and there was continuous doubling of the
energy release; the one-day peak energy reached 3.72 x 10*J,
particularly before the rockburst on February 21, which was
much greater than the normal level of energy release. This
phenomenon is a typical microseismic abnormality showing
clear signs of a rockburst.

The evolution of the microseismicity energy density in
diversion tunnel #3 is shown in Figure 9, wherein points A,
B, and C correspond to the positions of the rockbursts that
occurred in the tunnel section (Figure 9(d)). From January
20 to February 10, 2011, an energy density cloud appeared
near point A the day before the rockburst (Figures 9(a) and
9(b)). Thereafter, the energy density cloud in the rockburst

core area also appeared near points B and C during the next
six days (Figure 9(c)). As the TBM advanced, the number
of microseismic events and energy release remained high
because of the unloading effect of the excavation and the
inherent tendency of the surrounding rocks to undergo stress
adjustment. At point C, the density cloud of the rockburst
core area displayed more obvious signs of rockburst and was
gradually expanding (Figure 9(d)). Multiple rockbursts dur-
ing the period of February 16 to February 21, 2011, occurred
in this core area. Despite the relatively high energy density
near point P, there was no rockburst in this region. Thus,
point P could be regarded as a potential rockburst danger
zone. The aforementioned analysis indicates that an energy
density cloud can be used to qualitatively identify a rockburst
nucleation zone and to delineate potential rockburst danger
zones, which in turn can be used to analyze the causes and
developmental trends of rockbursts.

4. Characteristics of Microseismicity Evolution
during Rockburst Nucleation Process

Originally, the microseismic energy dissipation, the cumula-
tive number of MS events, and the event density indirectly
reflect the extent of damage to the rock from microcracks.
These are the most basic parameters and are able to reveal
the characteristic of microfracturing and instability involved
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in the rockburst nucleation process. Each microseismic event
represents one microcrack. Greater densities of microseismic
events in space are indicative of greater microcrack clustering
within the rock. A higher local stress concentration increases
the potential for microcracks in the interior of the rocks to
propagate and coalesce into a crack zone. The local strength
of the rock mass then decreases further, and a rockburst is
more likely to occur.

Figure 10 shows the microseismicity distribution and the
evolution characteristics of the rockburst nucleation process
during TBM tunneling in diversion tunnel #3 (January
20 to March 1, 2011). Details of rockbursts that occurred
during this period are shown in Table 3. Generally speaking,
there were primarily two zones of relatively concentrated
microseismicity, which corresponded to the tunnel sections

of #3K9 + 640 to K9 + 662 and #3K9 + 607 to K9 + 637. A
preliminary on-site analysis indicated that the surrounding
rocks were greatly affected by the TBM tunneling speed on
February 10, resulting in underground stress redistribution
and transfer. As a result, the rock cracks propagated deeper
into the rock (upper left in Figure 10), producing a “banded”
distribution of concentrated microseismicity, which is des-
ignated shear zone I and is denoted by a blue oval. When
the cracks had propagated to the extent necessary to form
a shear zone and coalesced, a strong rockburst occurred
on February 11. Along with the progress of excavation,
stress was continuously transferred and accumulated. The
increase in the number of microseismic events resulted in
the formation of a second concentrated microseismicity area,
zone II. Within zone II, high energy, large magnitude events
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continued to occur, resulting in more severe rock damage.
The interior microcracks tented to propagate, forming a
new shear zone (shear zone II is denoted by a pink oval).
The unloading effect of the TBM excavation and multiple
rockburst accidents within several days caused cracks to

propagate continuously, while the stress was accumulated
and transferred. The two concentrated microseismicity zones
(zones I and II) were close to each other such that multiple
factors combined to seriously deteriorate the rock mechanical
properties. Small cracks initiated, propagated, connected, and
coalesced to form large cracks. The spatial distribution of
the microcracks evolved from a disordered scattered pattern
into an ordered concentrated self-organized pattern, which
ultimately resulted in the coalescing of the crack zones
between the two zones of concentrated microseismicity. The
resultant shear zone was surrounded by the free face of the
tunnel, forming a triangular area in which the rock stress
and energy were transferred and released toward the free
face and the surrounding areas. When the peak strength of
the rock was reached, instability failure of the rock occurred
by stripping of substantial spall from the rock and the
ejection of rock wedges. Eventually, rockbursts occurred via
tensile (and compressive) shear failure over large areas on
February 21. There were errors in the source positioning of
the microseismic events; thus, only approximate locations of
microcracking events could be determined. The microcrack
formation process is shown in Figure 10.

The rockburst failure in the TBM tunneled section is
shown in Figure 11. The rock mass was macroscopically intact
and exhibited fresh crack surfaces. There were typical burst
blocks of wedge shapes, and spalling was observed. The
dimensions of the largest burst blocks were 1.2m x 1.0m x
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FIGURE 9: Topographical map of the evolution of microseismic energy density during TBM tunneling in diversion tunnel #3 (January 20
to February 21, 2011): (a) dissipated energy density cloud map for January 20-February 5, 2011; (b) dissipated energy density cloud map for
January 20-February 10, 2011; (c) dissipated energy density cloud map for January 20-February 16, 2011; and (d) dissipated energy density

cloud map for January 20-February 21, 2011.
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FIGURE 10: Evolution of rockburst nucleation process during TBM
tunneling in diversion tunnel #3 (January 20-March 1, 2011).

0.3 m, and the greatest ejection distance was 3.5 m. Numerous
bulky stones fell from the vault. The TBM cutter head was
stuck, and the support systems suffered severe damage. After
the strong rockburst on February 19, V-shaped craters were
observed in the north sidewall to the hance (Figure 11(d)).
There were clear scratches on the failure surface, which
exhibited a stepped pattern. During the scene survey, a mostly
closed NNW trending recessive weak structural plane was
noted near the south sidewall.

5. RFPA Numerical Simulation

To further effectively verify and discuss the reasonableness
of the data associated with failure of the tunnel sidewall,
an RFPA2D simulation of the entire unique process of
rock instability failure was used to perform a finite element
analysis of the V-shaped crater and the failure process caused
by rockbursts. The 2D finite element method- (FEM-) based
code known as RFPA was developed by Tang and Kaiser et al.
[35, 36] and is known as the RFPA-FEM method [37]. RFPA
offers unique advantages over other numerical simulation
software. The RFPA code accounts for heterogeneous mate-
rial characteristics at microscopic and macroscopic levels.
The code can thus determine the spatial distribution of seis-
mic sources (acoustic emissions) during progressive failure of
an advancing tunnel that are caused by material heterogeneity
and produce nonlinear behavior. The RFPA code can also
simulate and reproduce the entire process of rock failure from
microscopic damage to macroscopic instability [38].

5.1. Numerical Model. The numerical model is shown in
Figure 12: the model size is 150 m x 120 m; the excavation
radius R is 6.5m; number of elements is 600 x 480 =
288,000; the width of the weak structural plane is 0.25m;
the angle between structural planes and horizontal is 60
and the shortest distance from the tunnel center to the weak
structural plane is 10 m. The model was gradually loaded until
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FIGURE 11: On-site photos showing the failure caused by rockburst. (a) Compression cracking failure induced stripping of substantial spall
in layers. (b) Substantial wedged fragments produced by shear failure were ejected to a certain distance. (c) The anchoring-shotcreting and
flexible support systems suffered severe damage. (d) Rockburst failure resulted in the formation of V-shaped craters.

P, and P, reached the initial stress level; that is, P, = 32 MPa
and P, = 57.6 MPa (P, and P, were the initial stresses in
the horizontal and vertical directions, resp.), and then the
simulated excavation was begun. The measured mechanical
parameters of the surrounding rocks and faults are shown in
Table 4.

5.2. Analysis of Calculation Results. Figure 13 illustrates the
damage evolution of the failure in the rock surrounding the
tunnel. Figures 13(a) and 13(b) show the calculated maximum
shear stress and the corresponding acoustic emission, respec-
tively. In these figures, the brightness represents the stress
level: greater brightness corresponds to greater stress. The red
circle denotes tensile failure; the white circle denotes shear
failure; the size of the circle represents the energy released
from the acoustic emissions; the number of circles represents
the quantity of acoustic emissions; and the black area denotes
the previously accumulated acoustic emissions.

The plot of the shear stress shows that, in the south and
north sidewalls of the tunnel, a superficial stress concentra-
tion and cracking occurred first, and the stress distribution
was asymmetric. The range of stress adjustment and the local
damage zone then expanded, and the stress near the weak
structural plane gradually developed from the initial sidewall
to the spandrel. The stresses from both the south and north
sides were transferred deep into the rock, where the side
near the weak structural plane contained a greater stress
concentration and a greater range of damage than the other
side. The asymmetry of the stress distribution on the two sides
of the surrounding rock became more pronounced. When the
stress in the left sidewall adjusted and transferred to near the
weak structural plane, the structural plane blocked the path
of stress transfer and acted as a barrier to the redistribution
of the stress. Thus, the stress stopped propagating into the
deep rock and propagated along the weak structural plane,
which ultimately surrounded the tunnel sidewall to form a
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TABLE 2: Daily footage of TBM tunneling in diversion tunnel #3
(January 20 to March 1, 2011).

Date Working face/m Footage/m
1.20 #3K9 + 770 7
1.21 #3K9 + 767 3
1.22 #3K9 + 759 8
1.23 #3K9 + 747 12
1.24 #3K9 + 735 12
1.25 #3K9 + 726 9
1.26 #3K9 + 720 6
1.27 #3K9 + 715 5
1.28 #3K9 + 715 0
1.29 #3K9 + 699 16
1.30 #3K9 + 698 1
1.31 #3K9 + 686 12
2.1 #3K9 + 686 0
2.2 #3K9 + 686 0
2.3 #3K9 + 686 0
2.4 #3K9 + 684 2
2.5 #3K9 + 680 4
2.6 #3K9 + 671 9
2.7 #3K9 + 664 7
2.8 #3K9 + 657 7
2.9 #3K9 + 649 8
2.10 #3K9 + 637 12
2.11 #3K9 + 630 7
2.12 #3K9 + 630 0
2.13 #3K9 + 630 0
2.14 #3K9 + 629 1
215 #3K9 + 629 0
2.16 #3K9 + 623 6
2.17 #3K9 + 621 2
2.18 #3K9 + 619 2
2.19 #3K9 + 616 3
2.20 #3K9 + 6ll 5
2.21 #3K9 + 607 4
2.22 #3K9 + 607 0
2.23 #3K9 + 607 0
2.24 #3K9 + 607 0
2.25 #3K9 + 607 0
2.26 #3K9 + 607 0
2.27 #3K9 + 607 0
2.28 #3K9 + 607 0
3.1 #3K9 + 607 0

pot-shaped structure. The local stress in the right side no
longer continued to accumulate and transferred into the deep
rock after the stress adjusted to a certain degree.

The plot of the acoustic emissions shows that the super-
ficial areas of the south and north sidewalls were primarily
associated with tensile failure during the initial stage of stress
adjustment. The first cracks in the rock mass occurred in
the two sides of the tunnel wall. Along with the adjustment
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FIGURE 12: Numerical model of the tunnel excavation.

and redistribution of stress, the newly formed tensile cracks
continued to propagate deeper, creating a tensile stress
concentration in the surrounding rock. The resultant events
were dominated by tensile failure. Small cracks coalesced
to form larger cracks. New shear cracks formed in the
deep rock, resulting in further shear failures. A pot-shaped
failure zone first formed near the weak structural plane.
Thereafter, the stress adjustment continued on the right side
of the weak structural plane. Late in the crack initiation
and propagation, the failure mechanism of the rock shifted
from the initially dominant tensile failure to shear failure.
Ultimately, microcracks developed, coalesced, and formed a
V-shaped crater. These results were generally consistent with
field observations and the analyzed failure data.

The impact of the inclination of the weak structural plane
on the tunnel failure was evaluated for two inclinations: « =
30° and 45° (the numerical models are shown in Figure 14).
The plot of the shear stress during the tunnel failure shows
that, following the tunnel excavation, the stress in both sides
of the surrounding rock adjusted and was transferred into
the deep rock. The structural plane caused the overall stress
field in the side near the weak structural plane to migrate
toward the structural plane. However, the weak structural
plane hindered the stress transfer, thereby acting as a barrier
to redistribution of the stress. Consequently, the surrounding
rock between the cavern and the structural plane exhibited
a higher stress concentration and was more damaged than
that in the side without a structural plane. The plot of the
acoustic emissions for = 30°, 45°, and 60° shows that failure
occurred in both sides of the tunnel primarily because the
tensile failure in the superficial rock propagated into the deep
rock, resulting in a large number of shear failures. When
the cracks from the proximal side propagated to the weak
structural plane, the rock failure extended and propagated
along the structural plane, which ultimately surrounded the
cavern wall to form an irregular quadrilateral or V-shaped
crater. On the side distal to the structural plane, the tunnel
failure primarily resulted in a V-shaped crater. The extent and
range of the tunnel sidewall failure increased with greater dips
of the structural plane.
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TABLE 3: On-site records of rockburst within the tunnel section of #3K9 + 770-K9 + 607.
Rockburst time Rockburst location Failure modes Rockburst ranking
211 03:30 #3K9 + 637-K9 + 675 Splitting., stripping of massive spall, and ejection of wedged Strong
stone, with local collapse before rockburst
2.1318:11 #3K9 + 651-K9 + 652 Stripping scattered fragments Slight
2.16 21:57 #3K9 + 623 T,;, marble and class III surrounding rocks. Splitting, spalling, Intermediate
216 22:00 #3K9 + 628-K9 + 633 and ejection of massive wedged stone and V-shaped crater. With Strong
' ' a loud noise and local collapse and slight rockburst before
2.16 23:40 #3K9 + 628-K9 + 635 rockburst Strong
2.18 14:50 #3K9 + 627 . . Intermediate
Splitting, spalling, and scattered fragments
2.18 19:10 #3K9 + 626 Intermediate
219 15:42 #3K9 + 621-K9 + 626 Splitting, spalling, ejection of mz.tssive wedged stone, and Strong
V-shaped and pot-shaped cratering
#3K9 + 607-K9 + 626, north Splitting, spalling, and ejection of substantial wedged stone, Strong
2.215:45 #3K9 + 613-K9 + 618, south with a loud noise and multiple collapse at tunnel working face Strong
#3K9 + 651-K9 + 664, south €3~ Slight

TABLE 4: Mechanical parameters used in the numerical model.

Parameter Rock mass Fault
Elastic modulus/(Gpa) 20 2
Uniaxial compressive strength/(Mpa) 80 18
Poisson ratio 0.26 0.32
Homogeneity index 5 3
Friction angle/(") 30 25
Weight/(N/m?) 26.2 25

6. Impact of Stress and Energy
Transfer on Rockbursts

On February 21, 2011, three rockbursts occurred simulta-
neously at 5:45 at different locations along the tunnel axis
(Table 2). Among these rockbursts, two strong rockbursts
occurred at #3K9 + 613 to 618 (the south sidewall) and
#3K9 + 607 to 626 (the north sidewall), and a small rockburst
occurred at #3K9 + 651 to 664 (the south sidewall). The
greatest center-to-center spacing of the rockbursts was 42 m:
thus, the rockbursts occurred at the same time but in different
locations. This behavior may be explained as follows. After
the rockbursts occurred, the stress field in the underground
surrounding rocks was redistributed and partially released,
and the remainder of the stress was transferred. Transferred
stress will lead to the local stress concentration of rock
mass, which may induce rockbursts once again when the
accumulated stress reaches a certain level. Therefore, the
slight rockburst occurred because of the unloading effect
of the early TBM excavation, which created a local stress
concentration zone near #3K9 + 660 (small amount of MS
events appeared near #3K9 + 660). At this stage, the rock
mass was likely in or near a subcritical state before the
instability failure. Partial stress was transferred after the
strong rockbursts occurred, and the stress tends to transfer
toward the region that is under the high-stress status, which
further increases a local stress concentration. When the stress
reached or exceeded the rock strength, a rockburst may

have been triggered simultaneously. During the rockburst,
the rock experienced stress accumulation, stress release, and
stress transfer (and, correspondingly, energy accumulation,
energy release, and energy transfer). This process exactly
corresponds to the 3S phenomenon [39] in seismology, that
is, stress buildup, stress shadow, and stress transfer.
Therefore, the driving source of rockbursts can be
roughly divided into two types: except for the strain energy
that accumulates in the local rock mass, the external energy
transfer is the driving source for a small proportion of
rockbursts; that is, Egive = Ejocal T Etransfer- 1N€ combination
of the types may induce a stronger rockburst. Thus, it is
critical to stop the occurrence of such rockbursts because
a stronger rockburst can induce a new rockburst in the
nearby rock. This phenomenon is generally consistent with
the conclusion drawn by Gu et al. [40] in a laboratory
rockburst study; in other words, when an ejective rockburst
occurs in a project, the accumulated energy of the rockburst
itself is insufficient to sustain the failure process, and the
surrounding rock must supply or add the required energy.

7. Conclusions

(1) In this study, microseismic monitoring was applied
to a large-scale deep tunneling project by consid-
ering the unique geologic conditions and construc-
tion environment of the deep diversion tunnel of
the Jinping II Hydropower Station. This monitoring
system achieved real-time monitoring and analysis of
rock microcracking activity and rockbursts that were
caused by unloading from the engineering excava-
tion. The results preliminarily demonstrated the fea-
sibility of applying microseismic monitoring to rock-
bursts and their prediction in deep tunnels in rock.

(2) The microseismic monitoring information was used
in conjunction with on-site accident case studies to
clarify the macroscopic instability failure process
(including microcrack initiation, propagation, devel-
opment, and coalescence) in rockburst nucleation and
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FIGURE 13: Shear stress and acoustic emissions during surrounding rock failure in an underground cavern. (a) Variation in the shear stress
during crater formation and (b) acoustic emission distribution during crater formation.

development in terms of dynamic crack propagation.
The intrinsic relationship between the spatiotemporal
evolution of the microseismicity and the rock-
bursts was preliminarily explored, and theoretical
references were provided for the investigation of
rockburst development.

(3) The RFPA finite element program was used to per-
form a comparative analysis of the crater formation
process and the failure modes in underground
caverns. The case and simulation results indicated
that V- and pot-shaped craters formed primarily via
substantial shear failures that were associated with
tensile failure propagation from the superficial rock

to the deep rock. The formation and inclination of
weak structural planes played a role in controlling the
crater formation, and various inclinations can induce
different degrees of damage. Based on engineering
practice, by integrating the microseismic monitoring
and RFPA numerical simulation, the feasibility of
rockburst investigation and prediction is expected to
be enhanced.

(4) Analysis of a representative on-site rockburst indi-

cated that the driving source of rockbursts may be
divided into two types: except for the strain energy
that accumulates in the local rock mass, the external
energy transfer is the driving source of a small
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FIGURE 14: Shear stress and acoustic emission during surrounding rock failure in an underground cavern for different inclinations («) of the
weak structural plane. (a) Shear stress and acoustic emission distribution during crater formation, & = 30°, and (b) shear stress and acoustic

emission distribution during crater formation, o = 45°.
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proportion of rockbursts; that is, Eqive = Ejgeal +
E.insfer- Strong rockbursts can induce recurrent
rockbursts nearby (which are tentatively called trig-
gered rockbursts), in other words, rockbursts that
occur at the same time but in different locations.

The causes and mechanisms of rockburst formation are
highly complex; thus, the monitoring and prediction of rock-
bursts has long been a problem in geotechnical engineering
worldwide. The application of a microseismic monitoring
system for rockburst investigation and forecasting in deep
hard-rock tunnels is still at a preliminary stage of explo-
ration and application. Extensive source information can be
acquired using advanced monitoring systems, and further
study is required to fully exploit and optimize these data to
produce reasonable interpretations that can be used to derive
rockburst information for prediction and early warning
purposes.
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