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The monitoring of rockburst is one of the worldwide problems in underground engineering
and how to effectively predict and early warn the occurrence of rockburst disasters has
become an urgent problem to be solved. In this article, the high rockburst occurrence
section of the deep diversion tunnel of Jinping Hydropower Station on the yalong River is
taken as the research object. Based on the microseismic monitoring technology and
combined with the principle of seismology with qualitative analysis and quantitative
calculation, the distribution law of “time, space, and intensity” of microseismic activity
and the change law of source parameters time series are used as the precursor
characteristics of rockburst early warning. Based on these, the internal relationship
between the microseismic activity and the rockburst micro-fracture was studied. The
monitoring results show that the rockburst occurred before has obvious micro-fracture
precursors. The microseismic activity is a self-organizing process from spatial disordered
dispersion to ordered concentration. The abnormal changes in source parameters such as
density of microseismic events, seismic energy density, the cumulative volume, energy
index, 3S index, and b values can be used as a warning identification of rockburst.
Therefore, the multivariate early warning method for rockburst monitoring based on the
comprehensive analysis of source parameters in the deep tunnel is proposed. The
prediction accuracy of this method is up to 80.6%, and it can provide reference for
the rockburst prediction, warning, and safe construction of such tunnel engineering.

Keywords: rockburst, microseismic monitoring, microseismic activity characteristics, multivariate early warning,
tunnel engineering

1 INTRODUCTION

Rockburst is a dynamic phenomenon and ejection caused by the sudden release of elastic
deformation and potential energy accumulated in underground engineering rock mass under
excavation disturbance. As the major rock mass projects in national economic construction tend
to be more and more comprehensive and complicated, the underground infrastructure construction
is generally faced with the challenges of complex and changeable environment, construction safety
under extreme load conditions, and gradual development from ground to deep underground.
Subsequently, the engineering geological disasters caused by deep problems are increasing day by
day, and the rockburst induced by high ground stress is the most typical dynamic disaster. Table 1

Edited by:
Xiaodong Fu,

Institute of Rock and Soil Mechanics
(CAS), China

Reviewed by:
Guojian Cui,

Institute of Rock and Soil Mechanics
(CAS), China

Xige Liu,
Northeastern University, China

*Correspondence:
Yingjie Xia

xiayingjie@dlut.edu.cn

Specialty section:
This article was submitted to
Geohazards and Georisks,

a section of the journal
Frontiers in Earth Science

Received: 16 December 2021
Accepted: 04 January 2022
Published: 25 January 2022

Citation:
Yu Q, Zhao D, Xia Y, Jin S, Zheng J,

Meng Q, Mu C and Zhao J (2022)
Multivariate Early Warning Method for

Rockburst Monitoring Based on
Microseismic Activity Characteristics.

Front. Earth Sci. 10:837333.
doi: 10.3389/feart.2022.837333

Frontiers in Earth Science | www.frontiersin.org January 2022 | Volume 10 | Article 8373331

ORIGINAL RESEARCH
published: 25 January 2022

doi: 10.3389/feart.2022.837333

http://crossmark.crossref.org/dialog/?doi=10.3389/feart.2022.837333&domain=pdf&date_stamp=2022-01-25
https://www.frontiersin.org/articles/10.3389/feart.2022.837333/full
https://www.frontiersin.org/articles/10.3389/feart.2022.837333/full
https://www.frontiersin.org/articles/10.3389/feart.2022.837333/full
http://creativecommons.org/licenses/by/4.0/
mailto:xiayingjie@dlut.edu.cn
https://doi.org/10.3389/feart.2022.837333
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2022.837333


lists the basic situation and records of rockburst disasters of key
tunnel projects, and statistics of the occurrence proportions of
rockburst events of different grades and intensities in China
(Feng et al., 2012; Zhang et al., 2012; Yu et al., 2020; Mu
et al., 2021). It can be seen that rockburst not only threatens
the safety of construction personnel and equipment, but also
directly affects the progress of work, even induces earthquakes
and destroys the whole project construction. In addition, it has
become a major technical bottleneck problem in the future deep
and deep underground engineering in China (Pu et al., 2019; Yu
et al., 2021a; Zheng et al., 2021). Therefore, it is of great
theoretical value and practical significance to carry out the
research on rockburst monitoring and early warning under the
influence of unloading of deep-buried tunnel.

The studies show that the rockburst is closely related to the
microseismic activity (micro-fracture) in the rock. There are
micro-fracture precursors corresponding to rockburst in every
stage from initiation, development to occurrence, and the
abnormal phenomenon of microseismic activity is the micro-
fracture precursors of rockburst (Zhang et al., 2020; Du et al.,
2021; Yu et al., 2021b). Therefore, the accurate understanding of
microseismic activity in rock mass is the basis of rockburst
disaster prediction and dynamic control. In recent years, the
researchers have carried out innovative research on the law of
microseismic activity by using seismology, nonlinear dynamics,
and other theories, and the research results were obtained. For
example, Senfaute et al. (1997) analyzed the relationship between
the distribution of microseismic events and the change of rock
mass stress state during the mining operation of coal mine by
means of microseismic monitoring. The correlation between the
support conditions and the concentration of microseismic events
was found and it provided a new research method for the
prediction and risk evaluation of rockburst disaster. Gibowicz
(2009) monitored the mining-induced microseismic activities
through the microseismic monitoring technology, and
elaborated the mechanism of microseismic generation and the
feasibility of predicting mine earthquakes. Based on these, the

geophysical methods for studying mining-induced mine seismic
events were introduced. Srinivasan et al. (1999) used the
parameters of microseismic events, microseismic energy, and
event-dominant frequency as the indicators of rockburst
prediction and early warning in the Kolar gold mine in India.
Zhao and Li. (2021) conducted the nonlinear analysis of
microseismic activities, judged the possibility of rockburst
according to the number of microseismic events generated per
unit time, and carried out research on the microseismic activity
and the potential danger area of rockburst of Hongdoushan
Copper Mine. Tang et al. (2015) put forward the earthquake
nucleation model and South Africa ISSI microseismic
monitoring system was study the mine earthquake activity
relationship corresponding to mining activities. This model
has been successfully applied to the rockburst prediction of
Dongguashan Copper Mine by using the criteria of earthquake
gestation and nucleation of relative earthquake stress and
displacement. At the same time, Feng et al. (2015) analyzed
the occurrence mechanism and later dynamic support of
rockburst in Jinping Tunnel by studying the law of
microseismic activity, and carried out detailed research on
the occurrence law, prediction, and early warning problems of
rockburst. In addition, based on the variation law of
microseismic parameters before rockburst, the precursor of
rockburst micro-fracture by using parameters such as the
number of microseismic events was studied (Li et al., 2012;
Wu et al., 2012; Chen et al., 2013; Xu et al., 2016; Ma et al.,
2018; Liu et al., 2019). The relationship between event
magnitude and frequency in the processes of rockburst
prediction and early warning for the deep-buried diversion
tunnel and the drainage tunnel of Jinping II hydropower
station during construction were analyzed. It is proved that
by practice and statistics, the rockburst can be predicted and
forewarned by microseismic monitoring technology.

From the literature analysis above, we know the rockburst
monitoring and early warning technology has been widely used in
mining engineering, underground engineering, tunnel

TABLE 1 | Incomplete statistical of rockbursts record in tunnel engineering in China (Feng et al., 2012).

Project name Year of
completion

Maximum
depth

of burial/m

Rockburst grade and proportion/% Rockburst
frequency

Cumulative
length

of rockburst
section/m

Slight Medium Strong-
extremely
strong

Tianshengqiao secondary water 1996 800 70 29.5 0.5 30 —

Power station diversion tunnel
Qinling railway tunnel 1998 1,615 59.3 34.3 6.4 — 1849
Sichuan-Tibet Highway Jiro 2001 760 as the

main
a little without >200 1,252

Mountain tunnel
Chongqing Lujia 2004 600 55.8 39.7 4.5 93 —

Ling tunnel
Pubugou Hydropower Station 2005 420 — - — 183 —

Into the factory traffic hole
Qinling Mountains Special Long Highway
Tunnel

2007 1,600 61.7 25.6 12.7 — 2,664

Jinping II hydropower station 2011 2,525 44.9 46.3 8.8 >750 —

Riverside power station diversion 2012 1,678 46.4 50.4 3.2 >300 —

Water tunnel
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engineering, water conservancy, hydropower engineering, and
other fields, making it possible to evaluate the stability of rock
mass. However, the researches still have the following
shortcomings. 1) The rockburst early warning index is
relatively single. Every signal of rock micro-fracture contains
rich information of rock mass state change, and how to obtain the
monitoring data in the systems, and make reasonable
interpretation based on the data, so as to realize the rockburst
prediction is the focus of rockburst warning. 2) Rockburst
prediction and warning criterion in the judgment system are

not complete. The existing reports on the application of
microseismic information in rockburst early warning are
mainly reflected in successful cases, and the established early
warning criteria and methods are not universal. Therefore, in this
article, taking the section of deep-buried tunnel with high
rockburst occurrence of Jinping Hydropower Station as the
research object, the real-time monitoring and analysis of the
surrounding rock microseismic activities in the area of high
buried depth and high in-situ stress were carried out. Based
on the source statistical parameters including the density of

FIGURE 1 | Layout and location of tunnels at the Jinping II hydropower station. (A) Layout of the Jinping hydropower project across the Yalong River; (B) location of
the Jinping II Hydropower Station; (C) coniguration of seven tunnels; and (D) the construction detailed dimension drawing for the headrace tunnel and drainage tunnel.
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microseismic events, seismic energy density, 3S index, the
cumulative apparent volume, the energy index, and the space-
time evolution regularity of b value, the temporal variation
characteristics as a precursor to micro-fracture characteristics
of early warning were analyzed. In addition, through the
qualitative analysis and quantitative calculation, the
multivariate early warning method for deep hard rock tunnel
rockburst monitoring in the Jinping II Hydropower Station was
proposed and verified. It may provide some references for the
excavation of tunnels and prediction of rockburst during
construction.

2 ENGINEERING BACKGROUND

2.1 Project Overview
The Jinping II Hydropower Station, located on the Yalong
River in Sichuan Province, is an important landmark project
of power transmission from west to east of China. Figure 1
shows the layout of diversion tunnel of hydropower station;
it can be seen the hydropower engineering tunnel group
is composed of 7 parallel tunnels with an average
length of over 16.7 km and trending toward N58°W, 2
traffic tunnels, 4 diversion tunnels, and 1 drainage tunnel,
respectively (Figure 1A Layout of the Jinping hydropower
project across the Yalong River; B) location of the Jinping II
Hydropower Station; C) configuration of seven tunnels;
and D) the construction detailed dimension drawing for
the headrace tunnel and drainage tunnel). The tunnel
construction process adopts a tunnel boring machine
(TBM) method and drill burst tunneling. The
TBM construction method is adopted for 1#, 3# water
diversion tunnel and drainage tunnel, and the diameter
of the excavation hole is 12.4 and 7.2 m
respectively. The diversion tunnels of 2# and 4# are
constructed by drilling and blasting method, with a
diameter of 13 m.

3 GEOLOGICAL INVESTIGATION

Figure 2 shows the engineering geological profile of the Jinping II
Hydropower Station. Since it is located between the Qinghai-
Tibet Plateau and Sichuan Basin, there is a typical slope
geomorphic feature with a large overall terrain drop. The deep
valley is in the shape of “V,” and the coastal terraces sporadically
developed. The overall strike of the strata is mainly in the
direction of NNE. The main rock strata through which the
tunnel group passes from west to east are lower Triassic
chlorite schist and metamorphic medium sandstone, etc. The
physical and mechanical parameters of various strata rock masses
are shown in Table 2. It can be seen the surrounding rock is fresh
brittle hard rock, and the rock mass integrity is good (Yu et al.,
2014; Xia et al., 2022). The tunnel group has the characteristics of
large buried depth, long tunnel line, difficult construction, and
diverse and complex geological conditions. Its buried depth is
1500–2200 m, with the maximum buried depth of 2525 m.
Therefore, the tunnel group is the super-large underground
hydropower project existing in China.

3.1 Construction of Microseismic
Monitoring System
The Jinping microseismic monitoring project adopts Canadian
Engineering Solution Group (ESG) monitoring system, which is
mainly composed of Paladin digital signal acquisition system,
hyperion digital signal processing system, and acceleration
sensor. The workflow of the microseismic monitoring system
is shown in Figure 3. The data acquisition instrument was
installed on both sides of the work face in the array form.
Two sensors are arranged 50 m away from the rear of the
working face, and the distance between the sensors is also
50 m. At every 50 m advance of the working face, the two
sensors located at the end follow forward to 50 m away from
the working face. Through this cycle, the microseismic
monitoring system can work closely with the working face and

FIGURE 2 | An engineering geological profile of deep-buried tunnel of Jinping II Hydropower Station.
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achieve the purpose of real-time monitoring (Zhang et al., 2012;
Yu et al., 2014; Xu et al., 2016; Yu et al., 2021b; Zhang et al., 2021).

4 RESEARCH ON EARLY WARNING
METHOD OF ROCKBURST
4.1 Selection of Source Parameters for
Rockburst Warning
Under the external disturbance, the secondary distribution of
stress field will inevitably lead to the accumulation and
concentration of local stress, and then cause the transfer and
release of surrounding rock stress. In the process of stress
accumulation and release, rock micro-fracture (microseismic)
occurs. This associated phenomenon reflects the response of
the surrounding rock mass structure to stress, which is called
“emergence” of stress field, and the micro-fracture is exactly a
form of emergence of stress field. That is, in a certain area, the

more microseismic events, the greater the aggregation degree, and
the frequent occurrence of high-energy large earthquakes,
indicating that the stress state in this area is much higher than
that of the original rock. Therefore, through the evolution and
distribution law of microseismic activity “time, space, and
intensity” (i.e., occurrence time, space, and intensity), the
change situation and change law of internal stress in
engineering disturbance range can be indirectly reflected.

With the development of geophysics and a better
understanding of rockburst, it has become possible to predict
and warn of rockbursts by means of microseismic monitoring
technology based on the results of natural earthquake prediction
(Liu et al., 2013). In the study of seismology theory, seismic
statistical analysis on temporary and spatial evolution laws of MS
events is widely used to evaluate rock mass stability. The
seismology statistical parameters of microseismic activity
include apparent volume, apparent stress, and energy index.
Therefore, by analyzing the distribution law of microseisms in

TABLE 2 | Strata physical and mechanical properties for the Jinping project.

Elastic modulus Poisson ratio Friction angle Cohesion Weight t/m3 Uni-axial compressive
strength/Mpa/Gpa /° /MPa

T2b Baishan group marble 18.9 0.23 25.8 15.6 27.5 86
T2y Yantang group marble 17.0 0.22 26.7 13.2 27.1 70
T3 Sandstone and slate in upper Triassic 12.0 0.30 25.9 10.1 27.4 114
T1 Chlorite schist 6.53 0.32 36.0 2.6 27.2 79
T2z Zagunao group marble 17.0 0.22 26.7 13.2 27.1 78

FIGURE 3 | Microseismic monitoring system for ground tunnels in Jinping hydropower station (Yu et al., 2014).
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time, space, and intensity and the temporal variation law of focal
parameters corresponding to the precursors of rockburst micro-
fracture, the microseismic event density, microseismic energy
density, 3S theory and index, cumulative apparent volume and
energy index, and b value are selected as the related parameters
and indexes of rockburst prediction and early warning.

4.1.1 Microseismic Event Density
The density of microseismic events represents the number of
microseismic events per unit volume, which directly reflects the
clustering degree of microseismic events and the damage degree
of rock micro-fracture (Liu et al., 2013; Yang et al., 2013; Xia et al.,
2020; Zheng et al., 2021). According to the size, concentration
degree, and density of micro-fracture, it is possible to infer the
development trend of rock micro-fracture. Then it is possible to
predict the occurrence of rockburst based on the distribution and
clustering law (Wu et al., 2012) of micro-fracture. The density of
microseismic events can be expressed as qi � n/s (microseismic
counts and monitoring area are defined as n and s, n = 1, 2, 3 . . . ).
If the maximum density is denoted as qmax, the relative density is
then defined as q′ � qi/qmax in each zone. The value of q′ is
represented by red, yellow, green, and blue respectively. In the
monitoring scheme, the clustering degree of microseismic events
was analyzed by clustering and divided into four levels
corresponding to four safety levels, as shown in Table 3. In

this table, the red zone is regarded as a potential rockburst danger
zone and also the warning zone. If the scope of the red area is
fixed or expands continuously in all directions within a period of
time, it indicates that the microseismic events in the area are
active and need to be warned. If the position of the red area
changes continuously over a period of time, it indicates that the
stress state in the area is adjusting or shifting, then the probability
of rockburst occurrence is reduced. Figure 4 shows the cluster
area of microseismic events displayed by the microseismic
monitoring system, which is also the area of serious rock
damage and rockburst.

4.1.2 Microseismic Energy Density
Microseismic energy density represents the spatial quantitative
distribution characteristics of microseismic energy release
intensity, which can not only reflect the location and intensity
of rock micro-fracture, but also characterize the release process of
rock strain energy in the source area. Then, it can explore the state
of engineering rock mass under the action of external
disturbance. The area of high energy density distribution in
rock mass is the area of high energy release after stress
accumulation reaches peak intensity, and is also the area of

TABLE 3 | Safety grade table of microseismic event density.

Alert
identification

Event spacing/m Rockburst
probability

Explain

Blue area ≥25 m, low clustering
degree

0–25% The distance betweenmicroseismic events is far, the microseismic distribution is irregular and in a
random discrete state, and the interaction between microseismic events and microseismic
events is very small, so the danger degree of this area is safe

Green area 20 m≤ Li＜25 m 25–50% The concentration degree of events in this area transits in turn, with moderate clustering degree
and low correlation degree between microseismic events and microseismic eventsYellow area 15 m＜Li＜20 m 50–75%

Red area ≤ 15 m, high clustering
degree

75–100% The distance between microseismic events is close, the microseismic distribution is regular and
clustered, and the microseismic events and microseismic events have great mutual influence, so
the danger degree of this area is dangerous

FIGURE 4 | Rockburst hazard zoning by the contour of microseismic
events.

FIGURE 5 | Rockburst hazard zoning by the contour of microseismic
energy density.
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concentrated micro-fracture and serious damage. The
monitoring space is assumed to be Ω, and the space
dimension D is divided into several statistical regions with side
length of a. Then the number of statistical regions can be
expressed as (Dou et al., 2012):

N � Ω
aD

(1)

If the total released energy can be expressed as E, and the
volume of a sphere or cylinder was described as Vm, then the
energy density εi can be calculated by

εi �
∑

m
j�1Ej

Vm
(2)

Figure 5 shows the hazard of rockburst judging by the energy
density cloud. In the monitoring of Jinping deep water diversion
tunnel rockburst, it can also be divided into four safety levels by
microseismic energy density. The red zone has the highest energy
density (75–100% rockburst probability) and is also a potential
rockburst danger zone. The blue zone has the lowest energy
density (rockburst probability under 25%), indicating a safe zone
and no rockburst tendency. Besides, the intermediate energy
density values are successively excessive.

4.1.3 3S Theory
In the study of seismology theory, Tang et al. (2009) proposed
that the stress accumulation, stress shadow, and stress transfer (3S
for short) are three states of stress. Similar to the principle of
earthquake, stress adjustment needs a certain period of time and
period in the development and occurrence stage of rockburst.
According to the statistics of rockburst with moderate intensity
and above, it is found that the microseismic activity has a certain
periodicity and regularity before the occurrence of rockburst.
Based on the regularity corresponding to the 3S phenomenon in
seismology, the microseismic activity before and after rockburst
can be divided into three stages in a same way: the development

period, the peak period, and the quiet period, as shown in
Figure 6.

Generally, when microseismic events accumulate to a certain
extent in a certain area, there will be a peak of microseismic events
(i.e., stress accumulation stage). If no rockburst occurs in the peak
period, the microseismic events in the next stage will continue to
increase and the stress will continue to accumulate. However, if
the rockburst occurs during the peak period, the stress
accumulated in the rock mass is released (the stress-shadowing
stage). Accordingly, on the basis of the monitoring data and
geological conditions, corresponding early warning should be
made in time. After the rockburst, if the stress and energy in the
rock mass in this area are released completely, the frequency of
microseismic activity drops rapidly. When a few or no
microseismic events occur, this stage is called the quiet period
of microseismic events.

4.1.4 Cumulative Apparent Volume and Energy Index
According to the typical stress-strain curve of rock, the
deformation growth is accelerated and the stress growth is
slow when the rock is close to the peak strength. Then in the
late peak period, the stress decreases with the increase in
deformation. After that, when the rock mass is in the strain-
softening stage, the larger the stress drop is, the more likely the
rock mass will be unstable and the more serious the failure degree
will occur. Therefore, the slope of cumulative apparent volume
∑VA over time is often regarded as an important indicator of the
rock strain rate. The mathematical expressions of apparent stress
σA and apparent volume VA are (Mendecki, 1997)

σA � E

P
(3)

where E is the seismic energy and p is the seismic potential.

VA � μP2

E
� M

2σA
(4)

FIGURE 6 | Frequency of microseismic events based 3S theory.
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where μ is the shear stiffness and M is the seismic moment.
Energy index refers to the ratio of the radiation energy

generated by the seismic event to the average seismic energy
�E(P) of all seismic events in the same monitoring area
(Mendecki, 1997). The average seismic energy can be
expressed by the relation log�E(P) � c1 logP + c2 where P
represents the seismic potential; c1, c2 are constants. Then the
energy index can be expressed by

EI � E
�E(P) �

E

10c1 logP+c2
� 10−c2

E

PC1
(5)

The energy index reflects the variation of driving stress in
the source region. According to the instability theory of rock,
strain softening occurs in the residual strength stage of rock
failure, and the larger the stress drop is, the more serious the
rock damage is. Therefore, the greater the energy index in the
monitoring area, the higher the stress level in the area.
However, the rapid decrease in the energy index indicates
that the instability of rock mass increases and the probability
of big events increases greatly. So the apparent stress, apparent
volume, and energy index reflect the stress state of rock mass
under external disturbance in real time. The temporal
variation characteristics of these parameters can be used to
obtain the precursor information of micro-fracture before
rockburst.

4.1.5 b Value
The existing research results show that both microseismic events
induced by engineering disturbance and natural seismic events
follow the magnitude-frequency (G-R) relationship (Gutenberg
and Richter, 1994). The mathematical expression is

lgN(M) � a − bM (6)
where M is the magnitude and N(M) is the total number of
microseismic events above magnitude M, and a and b are the
constants for a given monitoring area.

The relationship curve of magnitude-event number of typical
earthquakes is shown in Figure 7, in which the b value represents
the function of the relative magnitude distribution of microseismic
events. That is the proportion relationship between the number of
large earthquakes and the number of small earthquakes in a certain
area. In can be seen in Figure 7 that when the value of b increases,
the number of large magnitude events is less but the number of
small earthquakes is more. However, when the value of b decreases,
the proportion of large earthquake events increases and the stability
of rock mass begins to decline. In addition, the value of b is also
related to the strength and stress of the medium in this area (Xu
et al., 2014).

4.1.6 Research on Rockburst Monitoring
and Early Warning Methods
Since the operation of the microseismic monitoring system in the
deep diversion tunnel of Jinping Hydropower Station, a large
number of microseismic monitoring data have been obtained.
Based on the early warning parameters in Section 3.1, the
clustering area was delineated through the distribution of “time,
space, and intensity” of microseismic events. In addition, the
density and energy density of microseismic events, and the
potential danger area of rockburst were determined. After that,
the overall stability of rock mass is determined by analyzing the
apparent volume, apparent stress and energy index, b value
evolution law, and 3S theory. The multiparameter early warning
model for rockburst monitoring of deep-buried tunnels of Jinping
II Hydropower Station is proposed by combining qualitative
analysis with quantitative calculation (Figure 8).

According to the monitoring results of five tunnels at the
construction site (including water diversion tunnel and drainage
tunnel of 1#~4#)monitored by themicroseismicmonitoring system,
191 of the 237 rockbursts recorded at the site were accurately
predicted. The accuracy rate including the location and intensity
of rockbursts is 80.6% (Tang et al., 2014). Therefore, it means that
this method can provide guidance for tunnel construction and
excavation, and provide reference for monitoring, warning, and
prevention of rockburst in this kind of tunnel.

5 ENGINEERING APPLICATION OF
ROCKBURST EARLY WARNING METHOD

From July 1st to July 20th, 2011, one strong rockburst and four
moderate rockbursts occurred in the section of tunnel (3) 9 +
218–250, as shown in Table 4. In this monitoring tunnel section,
the rock mass is composed of T2B thick massive marble,
crystalline limestone and white ~ grayish white coarse-grained
smelly marble, and located in the high-stress area. The rock mass
has dense structure, pure quality, good integrity, thick massive
structure, no large-scale fault zone, and classed into III and II
surrounding rock. Among the rockburst events, the most severe
one occurred on July 20th, 2011, damaged length up to 32 m, and
extensive damage occurred at the south shoulder to side wall
(Figure 9). According to the damaged surrounding rock and
support conditions, the rock block pops out and the water

FIGURE 7 | A typical frequency-magnitude relation curve (Gibowicz and
Lasocki, 1990).
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expansion bolt is seriously bent and exposed. The damage depth
of blasting pit is between 0.6 and 1.0 mm, which is in the
shape of pot bottom, and the damaged rock mass is generally
broken. When rockburst occurred, there was a large
continuous sound.

5.1 Analysis of “Time, Space, and Intensity”
of Microseismic Events
Figure 10 shows the plan of temporal and spatial evolution of
microseismic activity of #3 diversion tunnel from July 3rd to July

19th, 2011 (The size of the ball represents energy and the color
represents moment magnitude respectively). In Figure 10A, from
July 3rd to July 6th, 7 high-energy microseismic events occurred
and gathered near (3) 9 + 248 working surface. At this time, it is
preliminatively predicted that moderate intensity rockburst may
occur at the location of (3) 9 + 248 m–9 + 266 m. With the
advance of the excavation, the number of major events increased
significantly from July 7th to July 10th, and the microseismic
activity mainly occurred between (3) 9 + 239 m to 9 + 259 m.
Owing to the close spacing of microseismic events, the cluster
area of microseismic events is formed, as shown in Figure 10B.
Because of the large number of high-energy events generated
during this period and the clustering state, the level of rockburst
is predicted to be of moderate intensity, and the possible
location is still cited at (3) 9 + 239 m–9 + 259 m. In the
following 9 days, with the advance of the working surface,
microseismic events with high energy and large magnitude
continued to occur behind the surface. Furthermore, the
range of cluster area of microseismic events A continues to
expand to cluster area B (Figure 10D), indicating that the stress
of rock mass in this range is still accumulating. Moreover, the
strength of surrounding rock was also cracking with time, and

FIGURE 8 | Flow chart of early warning for rockburst in deep-buried tunnel at Jinping project.

TABLE 4 | Basic situation of rockburst in 3 # diversion tunnel.

NO. Rockburst time Rockburst location Rockburst grade

1 2011-7-7 3#9 + 250~249 Moderate
2 2011-7-9 3#9 + 242~239 Moderate
3 2011-7-11 3#9 + 239~236 Moderate
4 2011-7-17 3#9 + 226~222 Moderate
5 2011-7-20 3#9 + 250~218 Strong
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finally a strong rockburst occurred at (3) 9 + 230–245 on July
20th, 2011.

5.2 Microseismic Event Density and Energy
Density
Figure 11 shows the evolution of the microseismic event
equivalent density cloud and energy density cloud over time
from July 3rd, 2011 to July 19th, 2011 (the left is the microseismic
event density cloud and the right is the microseismic event energy
density cloud). It can be seen that the rockburst core area of

microseismic event density cloud and energy density cloud began
to appear on July 6th, the day before the occurrence of medium
rockburst. Over the next few days, the dense cloud with this point
as its core experienced nucleation and spread out in all directions.
The results indicate that the small-scale cracks in rock mass are
experiencing initiation, development, merging and forming large-
scale cracks. During this period, the strength of the rock mass is
reduced due to accumulated damage. The mechanical properties
of rock mass deteriorate seriously, and the stability of the
surrounding rock is greatly reduced. This is basically
consistent with the temporal and spatial distribution and

FIGURE 9 | Failure caused by strong rockburst in diversion tunnel #3 on Jul. 20th, 2011.

FIGURE 10 | The spatio-temporal distribution of MS in diversion tunnel #3.
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evolution of microseismic activity as shown in Figure 10. The
cluster area of microseismic events almost coincides with the area
of serious energy loss, which further confirms the possibility of
serious deterioration of mechanical properties of rock mass in
this area. Finally, the local stress field in the region was fully

released in the form of an intense rockburst on July 20th.
Therefore, the equivalent density and energy density cloud
maps of microseismic events can well reflect the time-space
evolution law of internal micro-fracture and damage of rock
mass under the action of on-site construction disturbance. The

FIGURE 11 | Evolution contour of MS events density and energy density in diversion tunnel #3.
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two evidences of each other enable us to accurately determine the
location of rockburst nucleation zone and the development
process of rockburst.

5.3 3S Theory
The bar chart of microseismic event frequency variation with
time in diversion tunnel #3 from July 3rd to July 23rd, 2011 is
shown in Figure 12. It can be seen from the figure that before the
occurrence of strong rockburst on July 20th, the occurrence
regularity of microseismic events and the occurrence
frequency of rockburst are regular. That is, the rockburst
usually occurs on the day or adjacent to the peak of
microseismic activity. As can be seen from Figure 12, during
the 20 days of monitoring, the surrounding rock underwent four
cycles of D-P (microseismic development transition period to
microseismic peak period) process. The peak of four
microseismic events occurred on July 6th (P1), July 10th (P2),
July 15th (P3), and July 19th (P4), respectively. When the peak of
the first microseismic event P1 arrived, no rockburst occurred.
According to the 3S criteria, if microseismic events continue to
accumulate in this area, it can be judged as a local high in-situ
stress area as well as a rockburst hazard area, and the
corresponding early warning and support measures should be
made in time. Then the microseismic events developed to the
transitional D2 experience. Subsequently, the second peak of
microseismic events accumulated until the next day of P2 (July
11th), when moderate rockburst occurred. Similarly, the
development and occurrence process of rockburst on July 17th
was similar to that of the last rockburst, and it also experienced
the microseismic development transitional period D3 and the
microseismic event peak P3. Finally, the peak of microseismic
event P4 appeared again, but the subsequent rockburst did not
occur, so corresponding warning should be made. With the
external disturbance, the stress was also accumulated, and
finally on July 20th, a strong rockburst occurred. After the
strong rockburst occurred, the stress was fully adjusted and
released, so the microseismic events rapidly decreased and
transitioned to a plateau in the following 2 days.

5.4 Cumulative Apparent Volume and
Energy Index
Figure 13 shows the curve of cumulative apparent volume and
energy index of diversion tunnel #3 over time from July 1st to July
20th, 2011. The warning stage and danger stage of rockburst
can be divided based on the curves of energy index and
cumulative apparent volume. During this period, the
energy index and cumulative apparent volume experienced
two rapid decreases and rapid increases. From July 4th to July
9th, the energy index decreased sharply while the cumulative
apparent volume continued to increase. It shows that the rock
mass has been seriously cracked and the risk of rockburst
increases greatly. Then from July 9th to July 12th, the
surrounding rock entered the rockburst danger stage. After
the rockburst occurred on July 11th, the rock mass
experienced another stage of rapid decline of energy index
and continuous increase of cumulative apparent volume from
July 12th to July 15th. Then the surrounding rock entered the
rockburst danger period, and finally rockburst occurred on
July 17th and July 20th.

5.5 b Value
In the calculation process of b value, in order to avoid the
large fluctuation and error of b value caused by too many or
too few events in the selected range due to the large difference
in the number of microseismic events generated every
day. Therefore, when calculating the b value, the sliding
window of equal time or equal number of microseismic
events should be selected as far as possible to calculate the
number of microseismic events and establish the spatial
correlation length relationship. In this article, time is
selected as the sliding window to select microseismic events.
The time window sliding method of b value from June 28th
to July 24th, 2011 is shown in Figure 14. In the calculation,
b value is advanced by a sliding window of 7 days, and
ΔM � 0.05 (ΔM is the seismic moment) is selected for
the calculation. The b value of the construction drainage
hole from June 28th to July 24th, 2011 is shown in

FIGURE 12 | The histogram of relationship between microseismic events and time in diversion tunnel #3.
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Figure 15. It can be seen from the figure that before each
rockburst, b value experienced a decline process, reaching a
relatively low point in each stage, and then rising again.
This process indicates that the number of major earthquake
events in rock mass begins to increase. The proportion of
large-scale microcracks in the total number began to
increase, and the small-scale cracks merged. The spatial
distribution of microcracks in the rock is transformed from
disordered distribution to ordered self-organization, and this
is a prominent feature of rockburst incubation. Especially
from July 18th to July 20th, the slope of b value decline is the
largest, which means that the rockburst intensity is also the
largest.

6 DISCUSSIONS

(1) The precursor and warning stages of rockburst are divided by
cumulative apparent volume, energy index, 3S index, and
time series variation of b value, but the main parameters are
not completely synchronized in time. There are several
reasons for this. 1) Because different systems with selected
parameters have different sensitivities to their responses, the
time division of precursor stage and early warning stage of
rockburst is also different, but the two are not contradictory.
2) In the process of data analysis of microseismic monitoring
and rockburst prediction, some source parameters are greatly
affected by uncertainties such as geological conditions, such
as the event positioning accuracy, system sensitivity,
waveform processing, and data analysis error. Therefore,
the variation rules of these parameters should be referred,
compared with each other, and considered comprehensively.
In addition, the suggestions should be put forward and
predicted based on the actual situation of the site.

(2) The relationship between rockburst and micro-fracture
precursor is a sufficient and unnecessary condition, and it
is not necessarily the occurrence of rockburst when the
precursor features appear. The abrupt changes in seismic

FIGURE 13 | A curve of accumulative apparent volume and energy index with time in diversion tunnel #3.

FIGURE 14 | A sketch map of time window sliding.

FIGURE 15 | The b value varied with time in diversion tunnel #3.
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statistical parameters CAV, ACT, 3S index, and b value only
represent a rapid deformation process of brittle rock mass.
Then rebalanced by stress transfer and the energy release, it
does not ultimately result in a rockburst. Although the
relationship between rockburst and micro-fracture
precursor is not sufficient and necessary, these micro-
fracture precursor features can play a warning role in
rockburst disaster. Thus, the loss of personnel and
equipment may be reduced and the prediction and
warning of similar tunnel rockburst is provided.

7 CONCLUSION

(1) The application of microseismic monitoring system and
technology in rockburst monitoring of underground
cavern of Jinping II Hydropower station provides effective
technical measures for rockburst warning and dynamic
prevention of tunnel engineering. By using the
seismological theory to calculate the monitoring
information quantitatively, the early warning parameters
reflecting the precursor information of rockburst micro-
fracture are obtained. It provides a theoretical basis for
quantitative analysis and prediction of microseismic
activity of deep-buried tunnels under the influence of
excavation unloading.

(2) Through extraction and analysis of microseismic parameters,
including microseismic event density and energy density, 3S
index, cumulative apparent volume, energy index, and b
value analysis, the combination of qualitative analysis and
quantitative calculation can effectively and accurately
identify the potential danger area of rockburst. In
addition, it reveals the internal relationship between the
evolution law of time, space, and intensity of microseismic
activity and rockburst. The monitoring results show that
there are obvious micro-fracture precursors before rockburst.
Microseismic activity gradually evolved from spatial
disordered distribution to ordered self-organization. The
densities of microseismic events and microseismic energy

expand around the nucleation region, and the cumulative
apparent volume ∑VA increases suddenly. The energy index
and b value drop sharply, and the 3S index has strong
periodicity and regularity. The abnormal changes of these
parameters can be the precursor information and early
warning index of rockburst micro-fracture.

(3) Based on the study and analysis of source parameters, a
multivariate early-warning method and model for rockburst
monitoring in deep-buried tunnels are established. By
comparing the rockburst records on the site, the
prediction accuracy of this method is up to 80.6%, which
has high accuracy and practicability. In addition, it also
provides reference for the prediction and prevention of
rockburst in this kind of tunnel engineering.
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