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Abstract

Numerous rockbursts controlled by small-scale structural planes have occurred frequently during tunnel boring machine
(TBM) excavation in a headrace tunnel. To understand the evolutionary process of structure-type rockbursts, a real-time
microseismic (MS) monitoring system was deployed during the advancement of TBM. By combination with the true reflec-
tion tomography technique, a new method is proposed to estimate the P-wave velocity for in situ hypocentral locations. A
typical structure-type rockburst is investigated to study the relationship between the rockburst characteristics and microseis-
micity. By further analyzing the temporal—spatial distribution of microseismicity and the quantitative interpretation of the
MS source parameters, the potential failure zone and the precursor features are recognized during the development of this
structure-type rockburst. Based on the MS monitoring results, some proactive treatment measures are put forward for the
mitigation of rockburst hazards. The results of the current research can contribute to the understanding of structure-type rock-
bursts and provide valuable references for rockburst forewarning and construction management in similar tunneling projects.

Keywords Microseismic monitoring (MS) - Rockburst - Fracture characteristics - Structural plane - Tunnel boring machine
(TBM)
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Abbreviations

CGIHE Code for geologic investigation of hydropower
engineering

DAC Digital-to-analogue converter

DB Drill-and-blast

ESG Engineering seismology group

FFT Fast Fourier transform

HNAS Hyperion network acquisition system

MS Microseismic monitoring

STA/LTA Short time average vs. long time average
TBM Tunnel boring machine

TRT True reflection tomography

UCS Uniaxial compressive strength

WT Wavelet transform

1 Introduction

Rockburst is a type of common and violent excavation-
induced disaster that occurs within overstressed rock mass,
posing a great threat to the safety of workers and the efficient
construction of underground projects (Cook 1965; Hoek and
Brown 1980; Zhang et al. 2012a, b; Feng et al. 2013). Under
conditions of high in situ geo-stress, the heterogeneity of
rock masses and complex geological structures are closely
related to the occurrence of rockbursts due to stress con-
centration (Mazaira and Konicek 2015; Naji et al. 2019).
As excavations become deeper, more cases of rockbursts
have been reported (Kaiser et al. 1996; Feng et al. 2012; Lu
et al. 2018), which are significantly associated with special
geological structures, such as regional faults, discontinuities
and composite folds (Trifu and Shumila 2010; Feng et al.
2013; Zhao et al. 2017). For instance, many researchers have
found that the occurrences of intensive rockbursts and large-
magnitude tremors were closely related to reactivated faults
in underground projects (Mcgarr et al. 1989; Zhang et al.
2012a; Feng et al. 2013). Ortlepp (2000) provided a detailed
exploration for the extremely violent fracturing phenomena
induced by fault structures in a deep South African gold
mine. Zhang et al. (2014) explored the fracture process of
a rock mass induced by an activated fault for hundreds of
meters of the Shirengou iron mine. Michael and Thomas
(2018) found that the presence of a major tectonic fault had
adverse effects on the stress concentration within the region
of rockbursts. The relationship between geologic disconti-
nuity and induced seismicity has also been widely explored
(Snelling et al. 2013; Xiao et al. 2016a). Tang et al. (2010)
investigated the effects of structural planes on inducing rock-
bursts in the Jingping II Hydropower Station. Wang et al.
(2018) found that axis of syncline structures with high-stress
regions presented larger rockburst hazards in coalmines.
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These previous studies were mainly focused on the
unfavorable effects of large-scale geological abnormity
bodies (e.g., regional faults and syncline regions) on
rockbursts. These bodies may be reactivated by exten-
sive excavation disturbances in mines and underground
caverns (Ortlepp 2000; Li et al. 2017b). The disturbance
level often depends on the excavation parameters, such as
the excavation geometry, advance rate, mining extraction
ratio and excavation methods (i.e., tunnel boring machine
(TBM) and drill-and-blast (DB) methods) (Ortlepp 2000;
Zhang et al. 2012b). However, the excavation dimensions
of civil tunnel projects are usually only several meters.
The excavation areas of these tunnels are much smaller
than those of mines and underground caverns, as is the
stress disturbance of the surrounding rock mass (Mazaira
and Konicek 2015). Large-scale geological abnormity
bodies cannot be easily reactivated during tunnel exca-
vation (Zhou et al. 2014; Ma et al. 2018). In a headrace
tunnel of the present study, the majority of the small-scale
structural planes of approximately 10-20 m intersected
with the axis of this tunnel according to the in situ geo-
logical investigation. The locations of most rockbursts
were primarily consistent with the intersecting areas of
these structural planes. Occurrences of rockbursts are
largely determined by the stress states of rock masses
and the characteristics of small-scale structural planes.
To date, few studies have been conducted to explore the
relationship between in situ rockburst characteristics and
small-scale structural planes in TBM-excavated tunnels.
The evolutionary process and fracturing mechanism of
rockbursts associated with small-scale structural planes
have not been fully understood.

Microseismic (MS) monitoring techniques have already
become an effective and applicable tool to capture the evo-
lutionary process of rockbursts in underground engineer-
ing, such as in deeply buried tunnels (Ma et al. 2015; Xu
et al. 2016; Liu et al. 2018), underground caverns and mines
(Mendecki 1997; Le$niak and Isakow 2009; Hudyma and
Potvin 2010). By capturing the time of occurrence, location
and intensity of MS events, potential rockburst areas with
active microseismicity can be identified (Dai et al. 2016a;
Xiao et al. 2016a). Moreover, the fracturing processes of
rock masses, namely the initiation, propagation and coa-
lescence of micro- and macro-fractures, can be recognized
through the interpretation of recorded MS information
(Young et al. 2004; Glazer 2016). Based on MS informa-
tion, the dynamic fracturing characteristics of rock masses
can be acquired during the development of structure-type
rockbursts. Then, the evolutionary process of structure-type
rockbursts can be obtained through the MS monitoring tech-
nique. Further research can be presented in the interpretation
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and forewarning of rockbursts controlled by small-scale
structural planes.

In the present study, to understand the evolutionary pro-
cess of rockbursts associated with small-scale structural
planes, a real-time and moveable MS monitoring system was
deployed in a TBM-excavated headrace tunnel in China. The
characteristics of a typical structure-type rockburst are ana-
lyzed in detail. Efforts are made to reveal the relationship
between rockburst characteristics and the induced microseis-
micity. The MS information concerning the effects of struc-
tural planes is quantitatively analyzed to explore the evolu-
tionary process of rockbursts. Therefore, the potential failure
zones and the MS precursor features of rockbursts associated
with small-scale structural planes are revealed. Some proac-
tive treatment measures are suggested for the mitigation of
rockburst hazards based on the MS monitoring results.

Table 1 Main specifications of TBM1

Technical parameters Design value

TBM type Open
TBM diameter (m) 6.53
TBM length (m) 210

TBM weight (tons) Approx. 1240

Cutterhead nominal torque (kN m) 4510
Cutterhead maximum thrust (kN) 23,267
Cutterhead power (kW) 350x8=2800
Rotational speed (rpm) 0-9.8

Thrust cylinder stroke (mm) 1900
Conveyor capacity (t/h) 1000

Fig. 1 Geological profile along
the headrace tunnel

Excavated by drill-and-
blast method (9.8 km)

Excavated by TBM1 (14 km)

2 Fracturing Characteristics of In Situ
Structure-Type Rockbursts

2.1 Project Description and Geological Condition

The headrace tunnel project is located in Northwestern
China. This tunnel has an excavation length of 41.8 km and
a maximum buried depth of 2268 m. About 32 km of the
tunnel section will be excavated by two TBMs. The remain-
ing section will be constructed by the DB method. The main
specifications of TBM1 of the present study are listed in
Table 1. The corresponding geological profile along the
headrace tunnel is presented in Fig. 1.

This project region is characterized by Variscan orog-
eny, where the principal strata belong to the Silurian and
Middle Variscan period. The main rock type along this
tunnel consists of siliceous siltstone of the Nileke group
(Sn), medium—thick metasiltstone of the Jifuke group (S,j),
metamorphic mudstone and fine sandstone of the Kuruer
group (S;k) and Variscan granodiorite (yd,). According
to the geological investigation of the outcrop and the tec-
tonic history of the project area, the tunnel traverses the
Borokonu complex anticline, which strikes nearly east
to west with a moderate or steep dip. The strong squeeze
folds, secondary folds and faults in these rock formations
are well developed, which may have an important influence
on the distribution of the geo-stress field. There are mainly
four groups of steep faults, which are in the EW direction,
NNW direction, NW direction and NE direction. The uni-
axial compressive strength (UCS) of the rock in the study

Excavated by TBM2 (18 km)
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area (Fig. 1) is approximately 80—130 MPa, and its elastic
modulus and Poisson ratio are approximately 40-60 GPa
and 0.1-0.3, respectively. The surrounding rock mass of this
headrace tunnel is mainly classified as Class III and Class
1V, accounting for 53 and 29%, respectively. This classifica-
tion method is based on the Code for Geologic Investigation
of Hydropower Engineering (CGIHE), which is proposed by
the National Standards Compilation Group of the People’s
Republic of China (GB50487-2008) (2008).

Due to the regional tectonic movement and the deep-bur-
ied depth, high geo-stress is expected within the surrounding
rock mass of this tunnel. The overcoring method was car-
ried out to measure the geo-stress (Wohnlich 1999; Sjoberg
et al. 2003; Krietsch et al. 2018). This method shows that
the maximum principle stress (o,,,) at milestone K134 169 m
(buried depth of 740 m) is approximately 33.4 MPa, and the
direction of the maximum principal stress is nearly horizon-
tal. The second principal stress and the minimum principal
stress are approximately 25.3 MPa and 22.6 MPa, respec-
tively. At a depth of more than 2000 m, it can be roughly
estimated that the maximum principal stress (o,,) can sur-
pass 60 MPa, according to the buried depth.

2.2 Statistics of Rockbursts in TBM Tunnels

From 1 February 2018 to 1 September 2018, 152 rock-
bursts occurred in the headrace tunnel between milestones
K9+ 500 and K14+ 300 m (buried depth of 450-950 m).
Due to the simplicity and flexibility of the CGIHE method,
it is commonly adopted to evaluate rockburst intensities in
the water conservancy and hydropower industry in China
(Feng et al. 2013; Liu et al. 2016, 2017). Based on the phe-
nomena of in situ rockbursts, the intensity classifications of
rockbursts in the CGIHE method are shown in Table 2 (Chen
et al. 2015). The distribution of rockbursts with different
intensities is shown in Fig. 2. Mild and moderate rockbursts

Mild rockburst
I Moderate rockburst
Buried depth

1000 — 15

800

600 —

Buried depth (m)
Frequency of rockbursts

400

\

200 T T T T T T T 0
9500 10100 10700 11300 11900 12500 13100 13700 14300
Milestone (m)

Fig. 2 Distribution of rockbursts between milestones K9+ 500 and
K14 +300 m

account for 79.2% and 20.8%, respectively. The frequency
of rockbursts increases significantly with the increase in the
buried depth. Therefore, moderate-to-intense rockbursts are
expected to occur during the excavation of the headrace tun-
nel at buried depths from 950 to 2000 m.

The relationship between the frequency of rockbursts and
the distance to the tunnel face is presented in Fig. 3. Most of
the observed rockbursts are located behind the tunnel face
within 15 m. The frequency of rockbursts decreases signifi-
cantly with increasing distance to the tunnel face. Moreover,
most rockbursts are usually associated with structural planes,
mainly occurring at the sidewalls and the crown of the tun-
nel. The rockburst notches have depths of 0.3—-1.0 m and
lengths of 0.6-7.0 m. The boundaries of rockburst notches
are usually controlled by small-scale and rigid structural
planes. Therefore, to explore the locational relationship
between rockbursts and small-scale structural planes, the
attitudes of small-scale structural planes were investigated at

Table 2 Rockburst intensity classifications in the CGIHE method (The National Standards Compilation Group of People’s Republic of China

2008)

Rockburst levels ~ Phenomena (main failure type, sound and depth of notches) Clas-
sification
standard
UCS/o,,

Mild Slight spalling and slabbing in the surface of the surrounding rock mass. Rock mass is not ejected. The depths ~ 4-7

of the notches are less than 0.5 m. Cracking sound can be heard occasionally. Construction is not affected

Moderate

Severe spalling and slabbing of the surrounding rock mass. Rock mass is slightly ejected. Cracking sounds like =~ 2—4

a detonator blasting inside the rock mass. The depths of the notches range from 0.5 to 1.0 m. Construction is

barely affected
Intense

A large amount of rock mass is suddenly ejected. The failure sounds like an explosive blast. The depths of the 1-2

notches range from 1.0to 3.0 m, with an extensive failure range. Construction will be affected to some extent

Extremely intense

A large block of rock mass is suddenly ejected with intensive seismicity. The stability of the whole carve is <1

seriously affected. The failure sounds like thunder or a cannonball. The depths of the notches are greater than
3.0 m, with a large rock fragment size. Construction is seriously affected

@ Springer
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the tunnel section (study area in Fig. 1). The rose diagram of
the dip directions of small-scale structural planes is shown
in Fig. 4. The dip direction of the dominating small-scale
structural planes is approximately perpendicular to the tun-
nel axis. After excavation unloading, the presence of these
structural planes contributes significantly to the formation
of an adverse stress concentration at the periphery of the
tunnel.

2.3 Characteristics of the 4.13 Rockburst

At approximately 21:55 on 13 April 2018, a typical rock-
burst controlled by small-scale structural planes occurred in
the left sidewall from milestones K12 +390 to K12 +400 m
(Fig. 5a), referred to as the ‘4.13 rockburst’ below. The

buried depth of this rockburst region is approximately
780 m, which is comparable with the buried depth (740 m)
of the geo-stress measurement location (K13 + 169 m). It can
be inferred that the maximum principle stress at milestones
K12 +390-12+400 m is comparable to that at K13+ 169 m,
where the measured value is 33.4 MPa. The lithology around
this rockburst zone is siliceous siltstone formations with a
UCS of approximately 105.0 MPa. The ratio of the rock
mass strength to the in situ stress (UCS/c,,) is calculated as
approximately 3.2. The rockburst notch, with a maximum
length and depth of 7.0 m and 0.6 m, respectively, has a
V-shaped appearance in Fig. 5b. According to the in situ
characteristics of the 4.13 rockburst, it can be classified as
moderate rockburst based on the CGIHE method. Moreo-
ver, it is obvious that the boundary of the 4.13 rockburst is
controlled by two intersected rigid structural planes with
no filling. The attitudes of these two structural planes are
NES55°£78° and SE60°£70°, respectively. Thus, the rock
mass at the left sidewall is pre-cut by two intersected struc-
tural planes with an intersection angle of approximately
110°. Before the 4.13 rockburst, several mild rockbursts
occurred from milestones K12 + 390 to K12 +400 m, indi-
cating the redistribution and adjustment of stress after exca-
vation unloading. Micro-cracks may have gradually initiated
when the stress concentration occurred at the localized area
of the intersected structural planes. As the stress magnitude
increased, the cracks propagated and coalesced along the
pre-existing rigid structural planes. When the stored strain
energy exceeded a critical level within the localized rock
mass, the sudden release of the strain energy occurred.
Part of the energy was dissipated through the fracturing
of cracks, and the remaining energy was transformed into
kinetic energy for the ejection of fragments. Then, the typi-
cal V-shaped notch formed towards the openings.

A volume of rock mass fragments has been ejected from
the left sidewall (Fig. 6a). The fragments are characterized
by angular and clastic shapes with different dimensions. The
surfaces of the fragments are smooth and without scratches.
These attributes are characteristic of brittle tensile failure.
The H-shaped steel arches used for support in the vicinity of
the notch are deformed and dislocated by collisions of rock
mass fragments (Fig. 6b). Effective support measures, such
as rock bolts and steel meshes, should be taken to resist the
rockburst.

3 In Situ Microseismic Monitoring

Due to the fracturing of rock masses caused by stress con-
centrations, elastic strain energy is released in the form of
seismic waves. The waves can be detected as MS signals by
sensors. By the processing of the MS signals, the dynamic
evolutionary laws of the source parameters can be obtained
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Fig.5 Photographs of the 4.13
rockburst. a Rockburst zone, b
V-shaped notch, ¢ rigid struc-

tural planes, d well-developed Rockburst zone
structural planes at milestones (7.0%4.5%0.6 m)

K12+4390-12+4400 m

Fig.6 a Rock mass fragments,
b dislocation of steel arch in the
4.13 rockburst

Rock mass

quantitatively, such as the location, radiated energy, seis-
mic magnitude, apparent stress and apparent volume. These
parameters are used to analyze the characteristics of micro-
seismicity during the development of fracturing. These

@ Springer

SE60°.£70°

Dislobation of
steel arch

characteristics can reveal the potential fractured regions and
failure precursors in the surrounding rock mass. Therefore,
the MS monitoring technique can be used to provide early
warning of rockbursts and to understand the evolutionary
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process of fractures (Zhang and Zhang 2017; Zhang et al.
2017).

3.1 Configuration of the MS Monitoring Scheme

To deliver a continuous stream of real-time information
about the fracturing behavior, a high-resolution MS monitor-
ing system (Engineering Seismology Group (ESG), Canada)
was used in the headrace tunnel of the present study. The
MS monitoring system consists of a portable Paladin IV,
six uniaxial accelerometers, cables and installation beams
(Fig. 7). The portable Paladin IV is integrated with the
powerful Hyperion seismic processing and digital signal
acquisition system, possessing a 32-bit delta-sigma digital-
to-analogue converter (DAC) and a sampling frequency
of 10 kHz, respectively (Urbancic and Trifu 2000; Tang
et al. 2010). The uniaxial accelerometers have a frequency
response range of 50 Hz-5 kHz and a sensitivity of 30 V/g.
The sensor array is located behind the tunnel face of 80 m to

Pora (<

Paladin IV
< Installation

beams

7 N Uniaxial

accelerometer
Power N

adapter

Fig.7 Constitution of the MS monitoring system

Fig.8 Vertical view of the
layout of the MS monitoring
system

ensure personnel and equipment safety. Six uniaxial acceler-
ometers are mounted in the borehole at a depth of approxi-
mately 1.5 m and are distributed at three cross-sections with
an interval of 35 m. When the excavation distance reaches
35 m, the accelerometers of the last cross-section are recy-
cled and moved forward to the front, constituting the first
cross-section. The layout of the MS monitoring system is
shown in Fig. 8.

When MS events are detected, the accelerometer can
generate associated analogue waveform signals. The digital
signal acquisition system of the portable Paladin IV con-
verts the analogue waveform signals into digital signals with
32-bit resolution. Then, these digital signals can be recorded
and processed by the ESG software programs: hyperion net-
work acquisition system (HNAS) and waveform visualizer
(WaveVis). The HNAS program is configured to automati-
cally remove noise from waveform signals and identify the
initial pulse of P-waves or S-waves using the short time aver-
age vs. long time average (STA/LTA) algorithm (Xu et al.
2011). The WaveVis program is visualization software that
provides a method of graphically displaying seismic wave-
forms. Thus, the seismic event data can be processed and
analyzed by the ESG system to obtain the locations of MS
events and the source parameters, which can be stored in a
variety of formats and accessed by other programs.

3.2 Recognition of MS Signals

The seismic signals recorded by MS monitoring sys-
tem usually contain a number of noise signals, such as
mechanical knock, TBM vibration and electrical noise.
Therefore, the data of seismic signals should be refined to
identify the useful MS signals concerning the fracturing
of the rock mass. By acquiring in situ waveforms of dif-
ferent source types, the typical waveforms of noise signals
and MS signals are presented in Fig. 9. The MS signals of
fracturing have different time-domain features compared
to those of the noise signals. Moreover, the waveform
parameters in the frequency domain can be obtained by
the fast Fourier transform (FFT) and wavelet transform

4.13 rockburst
(K12+395)

Tunnel face

KI12+255 K12+290 K12+325

g—Uniaxial accelerometer

35m 35m 80 m

TBM advance

K12+405
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Fig.9 Typical waveforms of various seismic signals

(WT) methods (Mallet 1999). Therefore, the character-
istics of the seismic signals derived from the waveforms
in the time domain and frequency domain can be sum-
marized in Table 3. By extracting the main waveform
features of different signals, the recognition of valid MS
signals can be achieved.

Table 3 Main characteristics of different seismic signals

3.3 Estimation of the P-Wave Velocity

The estimation of the P-wave velocity is critically impor-
tant for the accurate location of MS signals. In previous
studies, the fixed-point blasting method was widely used
to determine the P-wave velocity of rock masses (Dai et al.
2016b; Zhao et al. 2017). However, due to the limitations
of construction conditions and the safety considerations

Typical signals Main characteristics

Mechanical knock The duration of the mechanical shock signal is generally less than 150 ms and is accompanied by an undeveloped coda wave.
The arrival time of the S-wave is not obvious. The dominant frequency of a mechanical shock signal is apparent, with a

range of 1500-2000 Hz
TBM vibration

The duration of a TBM vibration is approximately 200 ms. The coda wave is developed. It is difficult to pick the arrival time

of the S-wave. The dominant frequency mainly ranges from 500 to 1000 Hz

Electrical noise

Electrical noise has a long duration and is usually mixed with other signals. The amplitude of the waveform is relatively

small. The dominant frequency is mainly concentrated from 2000-2500 Hz

MS event

Rockburst

The duration of a MS event is approximately 70—-150 ms. It is easy to pick the arrival times of the P-wave and S-wave. Low
frequencies dominate, with a range of 130-300 Hz

A rockburst waveform has a duration approximately 200-300 ms, accompanied by well-developed coda waves and the phe-

nomenon of peak dissipation. The amplitude of the waveform is relatively large. The arrival time of the S-wave is difficult
to identify. The dominant frequency is obvious, ranging from 125 to 280 Hz
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of in situ blasting, artificial blasting tests are impractical
to carry out in TBM tunnels. Thus, in the present study,
a new method is proposed to estimate the average P-wave
velocity using the MS monitoring system combined with
the true reflection tomography (TRT) technique.

At the present construction stage, the ahead geological
prospecting technique TRT is conducted to evaluate the
geological conditions ahead of the tunnel face within a
range approximately 120 m. The physical basis of TRT is
the relative differences between the physical properties of
different rock masses, such as the P-wave velocity and den-
sity (Otto et al. 2002; Yamamoto et al. 2011). Using the
controlled sources and sensors installed on the tunnel side-
walls, the technique of TRT can receive and process the
reflected seismic signals caused by the impedance contrast
due to the geological and lithological differences. Suffi-
cient information on the spatial wave field can be obtained
by TRT (Cheng et al. 2014; Li et al. 2017a). Then, the rela-
tive P-wave velocity of the rock mass can be obtained from
the reflection of the seismic waves. Furthermore, when the
MS signals are acquired by the sensors, the arrival time
differences can be manually picked to calculate the average
P-wave velocity between the sensor arrays using Eq. (1).
Then, the P-wave velocity of the rock mass ahead of the
tunnel face can be estimated based on the relative change
and the calculated P-wave velocity:

= AL _ AL

POAr Byl 1
where v, is the velocity of the P-wave between the sensor
arrays; AL is the distance between the (k+ 1)-th and k-th
monitoring cross-sections; At is the differences in the arrival
time of the P-wave between the monitoring cross-sections;
and ., , and 7, , are the arrival times of the P-wave at the
(k+ 1)-th and k-th monitoring cross-sections, respectively
(k=1, 2). For instance, within the tunnel sections covered
by sensor arrays at milestones K12 +4290-12 +325 m,
the average P-wave velocity of the surrounding rock
mass is calculated as 5849 m/s using Eq. (1). According
to the results of ahead geological prospecting at mile-
stones K12 +290-12 +410 m, the variation of the relative
P-wave velocity can be normalized using Eq. (2). There-
fore, the P-wave velocity of the rock mass at milestones
K12 +290-12+410 m (Fig. 10) can be estimated according
to the relative P-wave velocity:

V= Vi

D= —™ )

Vmax ~ Vmin

where D is a dimensionless value ranging from O to 1 and
represents the relative magnitude of the P-wave velocity;

and v, and v_;, are the maximum and minimum relative
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Fig. 10 P-wave velocity of the rock mass at milestones K12 +290—
12+410 m

P-wave velocities, respectively, which are measured by TRT
at milestone K124290-12+410 m.

In the ESG monitoring system, a simplified single-veloc-
ity model is adopted to locate MS events using the Geiger
iteration algorithm, which has been widely used in many
fields for hypocentral location (Feng et al. 2013). According
to the P-wave velocity calculated above, an equivalent veloc-
ity of the P-wave is estimated for the MS source location
in the single-velocity model using the following equation:

"L 3)
t=2 <V_>’

i=1 pi

where v, is the equivalent velocity of the P-wave; L is the
distance from the MS source to the sensors; ¢ is the prop-
agation time from the MS source to the sensors; i is the
number of sections with different P-wave velocities; L; is
the length of the i-th section; and v, is the P-wave velocity
of the rock mass at the i-th section. Then, according to the
P-wave velocity of the rock mass between the rockburst and
the sensor at milestones K12 +325-12+395 m in Fig. 10,
the equivalent velocity of the P-wave can be calculated as
5545 m/s using Eq. (3).

For the 4.13 rockburst at the milestone K12 +395 m, the
location of the rockburst range can be measured directly.
Meanwhile, the related MS event clusters associated with
the main fracture are recognized in the ESG monitoring sys-
tem. The location coordinates of the related MS events can
be processed as shown in Table 4. However, it is difficult to
obtain the actual locations of the related MS events in the
range of the rockburst (Fig. 5a). Then, the geometric center
of this V-shaped rockburst notch is assumed as the reference
location for the related MS events (Fig. 11). The measured
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Table 4 Location distance MS Coordinates of the related MS events by Measured coordinates of the reference ~ Location
between the related MS events events the ESG system (m) point (m) distance
and the reference point
no. (m)
N E D N E D
1 4,870,961.4  405,301.8 1251.5 4,870,960.2  405,299.5 1250.7  2.71
4,870,962.3  405,302.5 1249.6 3.82
3 4,870,958.6  405,303.3 1251.7 4.24
coordinates of the geometric center are listed in Table 4. The s | _QOC|
location distance is calculated to evaluate the location accuracy ~ M = 47pv°R 2 Q)

between the related MS events and the reference point. When
the equivalent velocity of the P-wave (5545 m/s) is adopted
in the single-velocity model, the average value of the loca-
tion distance is 3.59 m (Table 4). The location accuracy is
within an acceptable range. In addition, due to the complexity
of in situ geological structures, the accuracy of the location
will be affected greatly during the excavation of TBM. There-
fore, the P-wave velocity in the single-velocity model should
be modified frequently for MS source location based on the
actual geological conditions.

3.4 Quantification of Source Parameters

The source parameters of the recorded MS signals have been
calculated to estimate the evolutionary process of microseis-
micity by the SeisProc program in the ESG system (Cai et al.
2001). MS signals are usually caused by energy releases from
rock masses. The radiated seismic energy and seismic moment
are the key source parameters for quantifying the intensity of
an MS signals, and can be determined from the recorded wave-
forms in the time domain and frequency spectra, respectively
(Aki 1968; Boatwright and Fletcher 1984):

J
_ 2°¢
E =4rnpvR 2 4)

C

Intersection line of exposed
structural planes

x

Geometric center
(reference point)
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B

|

|

|

|

|

|
v

Fig. 11 Front view of this rockburst notch

@ Springer

C

where E and M are the seismic energy and seismic moment
of the MS source, respectively; p is the rock mass density;
v is the velocity of the body wave (P-wave or S-wave); R is
the hypocentral distance from the MS source to the sensors;
J is the energy flux, which is the integral of the square of
the ground velocity from the frequency domain (Snoke et al.
1983); F, is the average radiation coefficients for the radia-
tion type of the seismic waves, which equals 0.52 and 0.63
for P-waves and S-waves, respectively; and £2 . represents
the spectral level of the P-wave or the vector sum of the
components of the S-wave (Randall 1973). In addition, when
the P-wave and S-wave energy have been calculated, respec-
tively, the total seismic energy can be estimated as shown
in Eq. (6). The value of the seismic moment is taken as the
average of the values obtained from the P-wave and S-wave.

E=E,+E,. (6)

Other quantitative source parameters, namely the appar-
ent stress, apparent volume and energy index, have been
applied to evaluate the variation of the stress level and seis-
mic inelastic deformation in rock masses (Dai et al. 2016a).
The apparent stress o, and the apparent volume V, are reli-
able estimations of the average stress release and the vol-
ume of the rock mass in the inelastic strain zone near the
MS source, respectively (Wyss and Brune 1968; Mendecki
1993), which are defined as follows:

5. = KE 7

AT @)
M M?>

\% = —=—,

AT 5. T 2KE ®)

where o, and V, represent the apparent stress and apparent
volume, respectively; and K is the stiffness of the rock mass.
In the risk assessment of rockbursts, the cumulative plot
of the apparent volume can express the inelastic strain rate
within the surrounding rock mass (Cai et al. 2001; Xiao et al.
2015). A sharp increase in the cumulative apparent volume
is an indicator of the occurrence of rockbursts or large-scale
fractures (Ma et al. 2016; Dai et al. 2016a).
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The energy index (EI) of an MS event is defined as the ratio
of the measured radiated seismic energy to the mean energy
radiated by events of the same seismic moment, which repre-
sents the local stress level in the studied monitoring area (Van
Aswegen and Butler 1993; Xu et al. 2015; Dai et al. 2017; Liu
et al. 2019).

E

Bl=_—2
E(M,) ©

where EI is the energy index; E represents the radiated
energy of an MS event; and E(M,) represents the mean radi-
ated energy, which is derived from the relationship between
logE and logM for a given seismic moment M, as follows:

log E(M,) = dlogM, +c, (10)
7 _ *  Monitoring data
Linear fitting

logE

S JogE= 1.48logM-12.99
R’=0.82

logE(M,)

logM (N'm)

Fig. 12 Relationship between logE and logM

Fig. 13 Vertical view of the
analysis region

where d and c are constants obtained from the linear fitting
of the radiated seismic energy and seismic moment. As the
energy index increases, the driving stress near the seismic
source becomes high. In the present study, the relationship
between logE and logM is shown in Fig. 12, which is a line
with an R-squared value of 0.82. Thus, the expression of
the energy index can be estimated as follows by combining
Egs. (9) and (10).

Bl=—T (1n

4 Analysis of the Microseismicity
Characteristics in the 4.13 Rockburst

4.1 Selection of the Analysis Region

To reflect the whole evolutionary process of the 4.13 rock-
burst, the related MS events in the analysis region should be
refined during the monitoring period from 10 April 2018 to
14 April 2018. According to the attitudes of two exposed
structural planes in the rockburst region (Fig. 5), the range
of the analysis region is selected from milestones K12 4380
to K12 +410 m with the area of 30X 15 m (Fig. 13). The
MS events in the analysis region are analyzed to present the
whole evolutionary process of the rockburst subjected to
TBM excavation.

4.2 Spatial Distribution of Microseismicity

Through the hypocenter location of MS events in the ESG
system, a total of 113 MS events were recorded in the analy-
sis region during the monitoring period from 0:00, 10 April
to 12:00, 14 April. The vertical view of the spatial distribu-
tion of the MS event clusters in the analysis region is shown

Rockburst region
(K12+390~12+400)

Analysis region

30 m |

”
1<

K12+380

~1
\ K12+410

Intersected structural planes
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Fig. 14 Vertical view of the spatial distribution of MS event clusters
in the analysis region

-
=

“ge

Tunnel face
K12+375

Tunnel face
K12+406

in Fig. 14. The colors and sizes of the spheres indicate the
different moment magnitudes and radiated energies of the
MS events, respectively. The large-magnitude and high-
energy MS events are generally clustered around two dashed
black lines in Fig. 14, whose orientations are approximately
consistent with the attitudes of two exposed structural planes
after the rockburst (Fig. 5).

With the further development of microseismicity, the
concentration of MS event clusters represents the potentially
concentrated stress area within the surrounding rock mass.
The evolutionary process of the MS event density contour
is presented in Fig. 15. In the analysis region, the evolution-
ary process of MS events can be divided into three stages,
namely, the MS discrete stage, the MS concentration stage
and the MS quiet stage. The features of the stages can be
summarized as follows.

1. The MS discrete stage occurred from 12:00, 10 April to
12:00, 11 April. As the tunnel face moved towards the
analysis region (K12 +375-12 4+ 380 m), the microseis-

il
Sl
a2

Tunnel face
K12+380

K12+412

Fig. 15 Evolutionary process of the MS event density contour from a 12:00, 10 April to b 12:00, 11 April; ¢ 12:00, 12 April; d 12:00, 13 April;

e 24:00, 13 April; £ 12:00, 14 April
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micity gradually increased, and the distribution of MS
events was discrete within the analysis region (Fig. 15a,
b).

2. The MS concentration stage occurred from 12:00, 11
April to 24:00, 13 April. The microseismicity became
gradually active as the tunnel face approached the rock-
burst region. At 12:00, 12 April, the concentration area
of MS events was initially located around the left side-
wall at milestone K124 393 m (Fig. 15¢). With the pro-
gression of the tunnel face from milestones K12 + 400
to K12 4406 m, the microseismicity became dramati-
cally active from 12:00, 13 April to 24:00, 13 April.
The concentration of MS events increased greatly at the
left sidewall from milestones K12 4390 to K12 4400 m
(Fig. 15d, e).

3. The MS quiet stage occurred from 24:00, 13 April to
12:00, 14 April. The density contour of MS events
did not change further within the analysis region. The
microseismicity was generally stable after the rockburst

(Fig. 15).

In the analysis region, the concentrated area of MS
events is mainly located at the left sidewall of the tunnel,
which coincides with actual location of the 4.13 rockburst
at milestones K12 +390-12 4+ 400 m. The concentration of
MS events prior to the main fracture was found to be an
obvious precursor of the 4.13 rockburst. The spatial distri-
bution of MS event clusters can delineate the concentrated
region of micro-fractures for recognizing potential failure
zones within the rock mass. Similar precursory features
have also been found in rockbursts of other types (e.g.,
strainbursts, fault-slip bursts and pillar bursts) (Zhang
et al. 2014; Xu et al. 2016; Wang et al. 2018).
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Fig. 16 Temporal distribution of the MS events associated with tun-
nel excavation
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Fig. 17 Evolutionary of the accumulated MS energy

4.3 Temporal Distribution of MS Information

The temporal distribution of the MS events in the analysis
region is illustrated in Fig. 16. The count of MS events was
three at 12:00, 10 April, with inactive microseismicity.
As the tunnel face approached the center of the rockburst
region (K12 4395 m) from 24:00, 10 April to 24:00, 12
April, the count of MS events increased gradually, and the
average count of MS events was 14 per 12 h. This result
may indicate aggravated damage of the rock mass with
the rapid propagation of micro-fractures. When the tunnel
face reached milestone K12 + 405 m, a rockburst occurred
at milestones K12 +390-12 +400 m. The count of MS
events reached a maximum value of 27 at 24:00, 13 April.
After the rockburst, the count of MS events in the analysis
region decreased greatly.
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g. 18 Distribution of MS events with different energies

@ Springer



3008

Q-S. Liuetal.

The evolutionary laws of the accumulated MS energy in
the analysis region are shown in Figs. 17 and 18. During the
monitoring period from 12:00, 10 April to 24:00, 13 April,
the curve of the accumulated MS energy shows an increasing
tendency (Fig. 17). Before 12 April, the MS energy release
was relatively low, and an accumulated energy of 3x 10° J
was presented. From 12:00, 12 April to 24:00, 13 April, the
released energy presented a gradually rapid increase, with
an accumulated energy of 3.6 x 10° J. This observation may
indicate that the localized stress was concentrated gradu-
ally and that high-energy events occurred frequently before
the main fracture. After the 4.13 rockburst, the accumulated
MS energy remained stable. Moreover, the distribution of
MS events with different energies is shown in Fig. 18. Low-
energy events (with logarithmic energies lesser than or equal
to 3.5) were dominant on 10 April and 11 April, account-
ing for 67% and 55%, respectively. The proportion of high-
energy MS events (with logarithmic energies greater than
4.5) gradually increased from 11 April to 13 April, which
indicates a gradual increase in the aggravation of micro-
fracturing near the occurrence of the 4.13 rockburst.

Therefore, by further analyzing the evolutionary laws
of the MS events and the accumulated MS energy from 10
April to 14 April, it can be found that the count of MS events
increased gradually, and the accumulated MS energy pre-
sented a rapid rising tendency. Moreover, the proportion of
high-energy events increased steadily before the 4.13 rock-
burst. The abovementioned attributes can be indicators of
the occurrence of this structure-type rockburst.

As mentioned in Sect. 3.4, the evolutionary laws of the
accumulated apparent volume and energy index are studied
to describe the seismic inelastic deformation and stress level.
During the monitoring period from 12:00, 10 April to 12:00,
14 April, the laws of the logarithm energy index and accu-
mulated apparent volume of MS events are shown in Fig. 19.
From 12:00, 10 April to 12:00, 12 April, the curve of log EI
presents a generally increasing trend with some fluctuations.
The maximum value of log El is 1.67. Meanwhile, the curve
of the accumulated apparent volume increases in steps with
small increments. In this stage, the stress level within the
rock mass increased gradually, and the inelastic deformation
of rock mass was relatively small. During the monitoring
period from 12:00, 12 April to 12:00, 14 April, the curve of
log EI decreases gradually, while the curve of the accumu-
lated apparent volume increases progressively and presents a
steep increase on 13 April. This stage indicates that the accu-
mulated stress was gradually released and that the inelastic
deformation of the rock mass was gradually accumulated.
The hazard of a rockburst was aggravated in the surround-
ing rock mass. By analyzing the features of log EI and the
accumulated apparent volume, the stress level was found to
experience stages of concentration and release within the
rock mass, and the inelastic deformation increased rapidly
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Fig. 19 Evolutionary laws of the accumulated apparent volume and
energy index

before the 4.13 rockburst. Therefore, a gradual decrease in
log EI with a sudden increase in the accumulated apparent
volume can be precursors of this structure-type rockburst.
In rockburst cases of other types (e.g., strainbursts, fault-
slip bursts and pillar bursts), the MS multi-parameter precur-
sory characteristics were comprehensively analyzed to pre-
dict the occurrence of rockbursts (Zhang et al. 2014; Glazer
2016; Lu et al. 2018). In comparing the temporal distribution
of MS characteristics of this structure-type rockburst, the
distribution of MS events and the MS energy release were
generally different from those of other type rockbursts, due
to the presence of stiff structures. However, according to
previous studies (Liu et al. 2013; Cao et al. 2016; Wang
et al. 2018), the evolutionary trends of the local stress level
and seismic inelastic deformation (i.e., the energy index and
apparent volume) were partially similar to those of other
rockbursts types, due to the stages of the local stress con-
centration and release during the evolutionary of rockbursts.

4.4 Fracture Mechanism in the 4.13 Rockburst

The S-wave energy and P-wave energy are two components
of the seismic energy of MS events, which can be estimated
by the SeisProc program in ESG systems. In seismology,
the ratio of the energy of the S-wave to that of the P-wave
(E/E,) is an effective indicator to quantitatively identify the
predominant fracture mechanism of seismic sources (Urban-
cic et al. 1992; Hudyma and Potvin 2010). Previous studies
suggested that the energy radiated in the P-wave was a small
fraction of that in the S-wave (Gibowicz et al. 1991; Xiao
etal. 2016b). In general, the E/E, value of 10 is regarded as
a threshold to distinguish between tensile and shear failure
mechanisms (Xiao et al. 2016a). MS events having low E/E,
values of less than 10 are usually tensile failures, while high
EJ/E, values of more than 10 indicate a shear or fault-slip
mechanism. During the evolutionary process of the 4.13
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Fig. 20 Distribution of E/E, values for MS events

rockburst from 10 April to 14 April, the distribution curve
of EJ/E, values is shown in Fig. 20. The E|/E,, values of MS
events range from 0.4 to 11.0, with a median value of 2. It
is obvious that MS events with E/E,, values less than 10
account for 97%. This means that the predominant fracture
mechanism was tensile during the evolutionary process of
the 4.13 rockburst. According to Xiao et al. (2016b), the
presence of stiff structures has an important influence on
the fracture mechanism. Tensile failure dominates as the
main failure type during the development of structure-type
rockbursts. This conclusion is consistent with the fracture
mechanism in the 4.13 rockburst. For rockbursts of other
types (e.g., strainbursts and fault-slip bursts), a majority of
MS monitoring results have shown that the proportion of
shear failure events is much larger than that of tensile failure
events (Boatwright and Fletcher 1984; Gibowicz et al. 1991;
Xiao et al. 2016b).

5 Treatment Measures for Rockburst
Hazards Based on MS Monitoring

A number of support measures (i.e., steel arches, steel slats
and shotcrete) have been applied to minimize the hazards of
mild and moderate rockbursts in the headrace tunnel. Steel
arches are installed in the upper 3/4 of the cross-section
circumference by using H-beam ribs, which are used to
limit the deformation of the rock blocks. The spacing of the
steel arches is adjusted according to the different intensi-
ties of rockbursts. Steel slats are pulled from the pockets at
the rear shield of the TBM and continuously bolted to the
steel arches, which can effectively constrain the movement
of loose and unstable rock blocks behind the cutterhead.
Steel slats can be used in the area of the crown, as well as
along the tunnel sidewalls. Full-section shotcrete is normally

applied in the backup area to reinforce the surrounding rock
mass (Farrokh et al. 2011). During the frequent occurrence
of rockbursts from 1 April 2018 to 11 May 2018, the varia-
tions of the numbers of steel slats and steel arches are pre-
sented in Fig. 21 according to the statistics of field support
measures. With the increase in microseismicity, the number
of steel slats increased significantly, and the number of steel
arches reached the average value of 10 per 10 meters. The
support intensity should be enhanced by encrypting steel
arches and steel slats within the area of active microseismic-
ity. In short, the forms of support measures mentioned above
are passive in minimizing rockburst hazards, without effec-
tively mitigating the concentrated stress in the surrounding
rock mass.

According to the results of MS monitoring, some findings
about proactive treatment measures are put forward for the
mitigation of rockburst hazards.

5.1 Early Warning

It is important to predict rockburst-prone zones as soon as
possible. Accurate prediction ensures that special support
measures can be installed as needed. Costs can be reduced
by avoiding blindly installing excessive supports. According
to previous researches, exhaustive investigation of geology
and in situ stress fields are fundamental for the assessment
of rockburst hazards (Hoek and Brown 1980; Cai 2013;
Mazaira and Konicek 2015). Some comprehensive geo-
logical models and numerical indexes have been proposed
to predict zones in which the rock mass may reach critical
stress levels (Zhang et al. 2012b; Feng et al. 2013). However,
at great depths, estimations of the stress state in rock masses
are difficult based on the methods mentioned above. In the
process of TBM excavation, more detailed information about
the abnormal local stress within the rock mass is needed.
Therefore, continuous in situ MS monitoring is an effec-
tive tool to recognize abnormally concentrated areas of MS
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events, which indirectly reflects high levels of local stress
concentration. In the case of the 4.13 rockburst, according
to the evolutionary process of the MS event density contour
in Fig. 15, the initial concentration area of MS events was
located around the left sidewall at milestone K12 +393 m
on 12 April, and an abnormally concentrated area (the red
region in Fig. 15d) was gradually formed around the left
sidewall from milestones K12+ 390 to K12 +400 m at
12:00, 13 April. Eventually, the rockburst occurred around
the left sidewall at milestones K12 +390-12 +400 m at
21:55 13 April. Therefore, rockburst-prone zones can be rec-
ognized in advance through MS monitoring. Special support
designs should be applied in these zones.

5.2 Rockburst Prevention Measures

Once potential rockburst-prone zones have been recog-
nized, some prevention measures can be taken to control
and reduce the rockburst hazards through three approaches:
() optimization of the tunneling parameters, (II) precondi-
tioning of the rock mass, (III) reinforcement and support
of the rock mass. These measures should be adopted in the
construction stage of TBM-excavated tunnels.

(I) Optimization of tunneling parameters. Due to the
lesser flexibility of TBM excavation, it is difficult to retreat
or react in response to adverse geological conditions. Some
primary parameters that have great effects on the stress con-
centration cannot be modified easily, such as the shape and
dimension of the tunnels, the excavation sequence and the
excavation methods. Therefore, the optimization of the tun-
neling parameters of machinery is an available operation
for TBM to reduce the rockburst hazards. In situ MS moni-
toring data are analyzed to study the relationship between
microseismicity and TBM excavation. In the present study,
during the monitoring period from 1 April 2018 to 11 May
2018, the excavated tunnel section (K12 +232-12+ 675 m)
had substantially similar geologic conditions (e.g., rock
type, buried depth and geological features). The correlation
between the MS event rate and the advance rate of the TBM
is shown in Fig. 22. The MS event rate shows a gradual
downward trend with decreasing TBM advance rate. The
activity microseismicity is reduced by slowing the TBM
advance rate. It can be inferred that the stress concentration
in the surrounding rock mass is reduced sufficiently with a
decrease in the unloading rate. Therefore, in tunnel sections
with potential hazards of rockburst, reducing the advance
rate can be suggested to mitigate the rockburst risk.

(IT) Preconditioning of the rock mass. When rockburst
hazards cannot be reduced by optimizing the tunneling
parameters, preconditioning of the rock mass should be
applied to prevent potential rockbursts by relieving the
stress concentration of the rock mass prior to excavation.
The widely used preconditioning methods are destress
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Fig. 22 Relationship between the MS event rate and the advance rate

blasting, destress drilling, hydraulic fracturing and pilot
tunnels (Kaiser et al. 1996; Zhang et al. 2012b; Cai 2013).
The purpose of these methods is to fracture the surrounding
rock mass and migrate the high-stress concentration areas
into the deeper rock mass (Kaiser et al. 1996; Konicek et al.
2013). For TBM-excavated tunnels, destress blasting can-
not be carried out due to space limitations and the safety
considerations of operation (Zhang et al. 2012b; Mazaira
and Konicek 2015). Therefore, based on the early warning
of rockburst-prone zones, destress drilling and hydraulic
fracturing can be adopted to fracture localized rock masses
with high stress concentrations.

(IIT) Support and reinforcement of the rock mass. If the
rockburst risks of excavated openings are still high, sup-
port measures should be installed to protect workers and
equipment, namely, by rock support and rock reinforcement.
The aim of rock supports is to apply a reactive force on the
opening surface to hold the fractured rock mass. The main
rock supports consist of steel arches, steel slats and wire
mesh, which have been applied in the headrace tunnel. The
aim of rock reinforcements is to form a self-supporting rock
arch around the opening and reinforce the surrounding rock
mass. Engineers should take full advantage of the arching
effect of the upper rock mass to maintain the stability of
tunnels. The common elements of rock reinforcement are
rock bolts, anchor cables and shotcretes, which are widely
applied in mines and civil tunnel projects (Kaiser et al.
1996; Farrokh et al. 2011; Mazaira and Konicek 2015). For
intensely and extremely intensely rockburst-prone zones,
special rock supports and reinforcement systems (i.e., yield-
ing systems) are required to provide high-energy absorption
and deformation capacity, which resist the highly dynamic
loads and large rock deformations (Ortlepp 2001; Cai 2013;
Mazaira and Konicek 2015). In the case of the 4.13 rock-
burst, the highly concentrated area of MS clusters was
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mainly distributed towards the interior of the left sidewall
(K12 +390-12 4+ 400 m) after excavation. To control the fur-
ther development of the fracturing process in the localized
rock mass, rock bolts should be installed passing through
this region to relieve the concentrated stress and reinforce
the rock mass. Figure 23 shows the percentage of MS events
developed at different depths inside the left sidewall. The
percentage of MS events in the depth range of [0, 2.2] (in
meters) accounts for 71.4%. The maximum depth of these
MS events reaches approximately 4.8 m. It can be inferred
that the concentrated stress areas in the left sidewall have a
depth range of approximately [0, 4.8] (in meters). Therefore,
the recommended length of the rock bolts is at least 5 m. In
the further construction of this headrace tunnel, some valu-
able references concerning the support forms (the length
of the rock bolts) can be suggested to mitigate the potential
rockburst hazards based on MS monitoring.

6 Conclusions

The fracture characteristics of a typical rockburst (4.13
rockburst), controlled by small-scale structural planes, were
investigated in the headrace tunnel. To explore the evolution-
ary process of structure-type rockbursts subjected to TBM
excavation, a moveable MS monitoring system was deployed
to acquire real-time microseismicity characteristics during
the development of the 4.13 rockburst. The conclusions can
be drawn as follows.

1. The MS events in the analysis region were mainly
concentrated around the left sidewall at milestone
K12 4393 m and gradually clustered 1 or 2 days prior
to the 4.13 rockburst. The large-magnitude and high-
energy MS events were distributed approximately along

the orientation of the two exposed structural planes. The
spatial distributions of MS event clusters can delineate
the concentrated areas of microseismicity to facilitate
recognizing potential failure zones within rock masses.

2. Prior to the 4.13 rockburst, the count of MS events
increased gradually, and the accumulated MS energy
showed a rapidly rising tendency with an increasing pro-
portion of high-energy events. The energy index showed
a gradual decrease, accompanied by a sudden increase in
the accumulated apparent volume. These attributes can
be regarded as precursory indicators of this structure-
type rockburst.

3. Based on the MS monitoring results, some proactive
treatment measures are put forward for the mitigation
of rockburst hazards in TBM-excavated tunnels, namely,
early warning, the optimization of tunneling parameters,
the preconditioning of the rock mass, and the reinforce-
ment and support of the rock mass.

Therefore, based on MS monitoring, the preliminary
achievements of this research may contribute to further
understanding of the evolutionary process of rockbursts
associated with small-scale structural planes. Effective guid-
ance and valuable references can be provided for the early
warning and treatment of rockbursts.
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