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Abstract

In this work, an extremely intense fault-slip rockburst case, with a local magnitude of 2.3, observed in a deep tunnel in
southwestern China was introduced as a case study. The rockburst caused a large economic loss and delayed the construc-
tion schedule for nearly 2 months. In-situ failure analysis, geological surveys, and microseismic (MS) monitoring were
carried out to study the development and occurrence mechanisms of fault-slip rockburst. The fault-slip rockburst occurred
in the hanging wall of a structure plane with dark green filling material and the rock mass slipped along the structure plane.
It shows characteristic of intermittent occurrence, which results in great psychological pressure on workers. The dominant
frequency of the rockburst MS event during the fault-slip rockburst is 13 Hz, which shows that the fault slip rockburst can be
captured by the MS monitoring system. Extremely intense MS activity was recorded during the rockburst. The development
and occurrence processes of the fault-slip rockburst were studied using this MS information. The stress evolution during the
rockburst was studied by analyzing the dynamic stress drop. For the evolution mechanism of the fault-slip rockburst, many
tensile fracture events occurred during the development stage, and a few shear fractures, corresponding to structure plane
dislocation, occurred before the occurrence of the fault-slip rockburst. The presence of a large natural structure plane resulted
in a higher stress and crack extension, and reduced the length of the penetration path, resulting in a stronger destructiveness.
The results can be used for the further research on fault-slip rockbursts and planning appropriate warning and mitigation
measures.

Highlights
e An extremely intense fault-slip rockburst with local mag- e The development and occurrence mechanisms of the
nitude of 2.3 in a deep tunnel was introduced. fault-slip rockburst including the fracture type and evo-
e QOccurrence characteristics of fault-slip rockburst were lution mechanism, were studied.
analyzed.
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1 Introduction

Rockburst is a dynamic disaster that commonly occurs dur-
ing excavation in deep underground projects, threatens the
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slip rockburst and fault-slip rockburst (Feng et al. 2019).
Many studies on the mechanisms of the first two types of
rockbursts have been carried out (Feng et al. 2012; Hoek
et al. 1995; Hu et al. 2020; Jiang et al. 2020; Li et al. 2017,
Xiao et al. 2016b). Research on the development mechanism
of rockburst is the basis of not only the modelling, numerical
simulation, and theoretical analysis of rockburst, but also the
warning and mitigation of rockburst (Feng et al. 2015a), so
studying the mechanism of fault-slip rockburst in hard tun-
nel projects is urgent and meaningful due to the increasing
number of tunnel projects to be constructed and many faults
in these areas.

Compared with strain rockburst and strain-structure slip
rockburst, fault-slip rockburst occurs more suddenly, has a
wider influence area and stronger destructiveness, and may
even induce continuous intense rockburst, which can gener-
ally reach the earthquake level (Williams et al. 1992). For
example, in South Africa, a fault-slip rockburst occurred
with a local magnitude of 2.1 at a depth of 2300 m in the
Carletonville gold mine area, and the stope was seriously
damaged (Durrheim et al. 1998). Additionally, more than
one thousand fault-slip rockbursts have occurred at the Wit-
waterstand gold mine (Li et al. 2018). In China, the recorded
fault-slip rockburst case with the highest magnitude is the
fault-slip rockburst that occurred in the Qiangiu coal mine
with a magnitude of 4.1 (energy of 3.5 x 10% J) on November
3,2011 (Cai et al. 2014).

There have been many studies on the mechanism of fault
slip using theoretical models (Scholz 1998), laboratory tests
(Kato et al. 1999), numerical simulations (Manouchehrian
and Cai 2018) and field monitoring in mines (Lu et al. 2019;
Snelling et al. 2013). In 1966, Brace and Byerlee (1966)
found that stick—slip accompanied frictional slipping in labo-
ratory experiments, and proposed that the stick—slip model
can be used to describe the occurrence of shallow earth-
quakes. Then, the stick—slip model was introduced into the
study of the occurrence mechanism of fault-slip rockburst in
coal mines (Qi et al. 1995). Many researchers have studied
rock friction by performing laboratory tests to determine the
mechanism of earthquakes and rockbursts caused by fault
slip (Deng et al. 2018; Zhao et al. 2020). Direct shear fric-
tion slipping tests on granodiorite have revealed the intermit-
tent slipping characteristics of fault slip evolution, and that
the slip distance and velocity at the first slip are both greater
than those at the second slip (Song et al. 2011). Shear stress
decreases during fault slip, showing an obvious stress drop
in laboratory tests (Kato et al. 1999). The effects of fault
parameters on fault-slip rockburst at the intersection of a
longwall coal panel and a fault have been investigated (Jiang
et al. 2019). These studies clarified the fault slip process and
revealed the occurrence mechanism of fault-slip rockburst
at the laboratory test scale to a certain extent. In addition,
some studies have revealed the characteristics of fault-slip
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rockburst in coal mines. However, the development and
occurrence mechanisms of fault-slip rockburst in hard rock
engineering situ have not been revealed, especially in deep
hard rock tunnels, and further research is needed.

Microseismic (MS) signals reflect a considerable amount
of rockburst information, such as the rock failure mecha-
nism and rockburst development processes (Feng et al. 2012,
2021; Xiao et al. 2016a; Younga and Collinsb 2001). There-
fore, MS monitoring technology can be used to analyze the
rock fracture mechanism and the development process of
rockburst in deep tunnels to study the mechanism of fault-
slip rockburst. In this work, we introduced a case study of an
extremely intense fault-slip rockburst with a local magnitude
of 2.3 (energy of 1.8 x 10® J) in a deep tunnel. The rockburst
caused a large economic loss and delayed the construction
schedule for nearly 2 months. Then, the development and
occurrence mechanisms of the fault-slip rockburst in deep
tunnels were explored by combining in-situ failure analysis,
geological survey and MS information, i.e., the frequency
spectral characteristics, the spatial and temporal evolution
characteristics of the MS activity, dynamic stress drop and
rock fracture type.

2 The“2018.11.15” Fault-Slip Rockburst
2.1 Engineering Background

The deep tunnel studied in this paper was constructed for
a high-elevation railway, located in southwestern China.
The trend of the tunnel is 104°, and the total length
is 13,073 m (Fig. la). Most of the tunnel is in medium-
grained biotite monzogranite (E2R), and locally, the tunnel
crosses small pegmatite vein (p). The geologic structures
in this area are well-developed. The tunnel passes through
the Zangmu fault at DK200 + 006, with a nearly vertical
bandwidth of 30-50 m. The elevation in the construction
zone is 3260-5500 m. The maximum burial depth of the
tunnel is 2080 m. From DK 190 +408 ~ 195 + 605 and DK
200+ 335~203 +455, the tunnel consists of a main tunnel
and a parallel pilot. At the rest of the chainage, a single main
tunnel was excavated (Fig. 1b). The section size of the main
tunnel is 8.62 mx 7.3 m (Fig. 1c), and it was excavated by
drilling and blasting. The uniaxial compressive strength of
the granite is approximately 160 MPa.

The in-situ stress measurements collected by the North-
west Research Institute of China Railway Engineering Cor-
poration (Xinjiang branch) using the hollow inclusion gauge
method show that the principal stresses at DK 194 + 200
(with a depth of 1446 m) are 49.7 MPa, 37.0 MPa, 36.1 MPa
(Zhang et al. 2020). The maximum principal stress at the
tunnel is subhorizontal with an azimuth angle of 197.9° and
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Fig. 1 Engineering background of the deep tunnel in southwestern China. a Vertical cross-section along the tunnel (Hu et al. 2020), b layout of

the tunnel, and ¢ section profile of the tunnel

a dip angle of 2.3°, which is approximately perpendicular
to the tunnel.

2.2 The Occurrence Situations of the Rockburst

During the excavation of the tunnel, an extremely intense
rockburst occurred at DK 1964720~ 196 4+ 725 on Novem-
ber 15, 2018 (Fig. 1). At 7:33 in the morning, excavation
blasting in the working face was carried out normally, then
transported out rock blocks and eliminated risk. At approxi-
mately 12:00, an extremely intense rockburst occurred at
the vault behind the working face (the working face was at
DK 196 + 726). The main rockburst occurred at approxi-
mately 13:00. Loud crackling noise like a blasting and

muffled noise were heard. Many rock blocks suddenly
slipped down, and quickly filled the 20 m zone behind the
working face (Fig. 2a). As the rockburst continued, the rock-
burst pit was filled by the rockburst blocks (Fig. 2b). Until
November 17, the working face became basically stable, and
rockburst stopped. The rock masses in the rockburst zone
were transported out at 12:00-18:00 on November 17 and
8:00-16:00 on November 18. Then, rockburst started again
at 6:29 on November 19. Loud sounds were heard. Until
12:00 on November 20, the rockburst zone became stable
again, and the rockburst ended. The positions of these two
rockbursts were the same, and the second rockburst extended
deep to the surrounding rock from the first rockburst pit.
Therefore, these two rockbursts were the two occurrence
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Fig.2 Photographs of the
evolution of the extremely
intense rockburst. a The overall
condition of the rockburst pit
on November 15, 2018, and b
the rockburst pit on November
16,2018

Rockburst pit

Dark green structure plane

(a)

processes of the extremely intense rockburst. The two rock-
bursts are described as rockburst I and rockburst II. Sketches
of the evolution of the rockburst pit are shown in Fig. 3.
The depth of the rockburst pit after rockburst I was approxi-
mately 8-9 m (Fig. 3a, b), and the depth after rockburst II
was approximately 11-13 m (Fig. 3c, d). The volume of the
bursting rock mass was estimated to be 900 m®.

The rockburst produced blocky, flaky, grainy, and pow-
dery rock fragments. Figure 2 also shows that there were
many flaky and thin sheet like rock fragments, with thick-
nesses of 1-2 cm. Figure 4a shows a larger rock block with
asize of 2.3 mXx 1.6 mx0.53 m (length X width X thickness).
These rock blocks were fresh and not weathered. In addition,

\  About 8~9m

8.62m

(®)

Fig.3 Evolution sketches of the rockburst pit during the rockburst. a
Cross-section of the rockburst pit after rockburst I, b front view of
the rockburst pit after rockburst I, ¢ cross-section of the rockburst pit
after rockburst I, and d front view of the rockburst pit after rockburst
1I
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dark green structure surfaces were found in many larger rock
blocks, as shown in Fig. 2. After the large rocks were trans-
ported out, a large amount of rock grains and dark green rock
powder were observed in the rockburst pit (Fig. 4b).

After the occurrence of rockburst II, construction
remained paused for five days until the environment was
completely calm, and rock blocks cleaning started on
November 25, 2018. The rockburst was treated until January
7, 2019. That is, the construction schedule was delayed by
52 days. In addition, many support materials were consumed
during the rockburst treatment process, including 1080 bolts,
27 steel arches, 80 pipe sheds, steel fiber-reinforced concrete
and many steel meshes. These materials increased the large
economic loss caused by the rockburst.

2.3 Geological Surveys in the Rockburst Zone

A geological survey was carried out in the rockburst zone.
Several structure planes were developed approximately per-
pendicular to the excavation direction of the working face,
as shown in Figs. 5, 6 and Table 1. These structure planes
are a set of joints distributed behind the working face (1st
joint set), from DK 196 + 721 ~DK 196 + 725, including
structure planes 1#-5#. The dip direction of the structure
planes is 280° and the corresponding dip angle is 70°-90°.
Among these structure planes, the 1# structure plane is
rigid, straight, smooth, and unfilled. The 2# structure plane
is crooked, rough, opened and partially filled with black
powder to a thickness of 50 mm. The 3# structure plane
is straight and filled with a green filling to a thickness of
3 mm. The 4# structure plane is slightly opened and partially
filled with dark green filling. The filling thickness is 20 mm.
The 5# structure plane is crooked, closed and includes white
quartz vein filling to a thickness of 40 mm. In addition, a
joint set is distributed on the north side of the working face
(2nd joint set) (see Fig. 6f), with a dip direction of 10° and a
dip angle of 70°. These joints are open, with no observable
filling and no weathering.
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Fig.4 Shape of rock blocks
from the rockburst. a A large
rock block with a size of
23mx1.6 mx0.53 m, and b
rock grains and dark green rock A
powders

Dark green structure plane

In addition, the revealed 4# structure plane was surveyed
after the fault-slip rockburst. Component analysis shows that
the dark green filling material is formed by chloritization of
biotite and feldspar. Many dark green slip failure surfaces
were observed in the rockburst blocks (see Fig. 7a). An SEM
test was conducted on the dark green failure surfaces. The

_ il e A . c{\O“
0 1“;\1\6\3@ Rockburst
zone

(2)

Rockburst
North
spandrel
South
spandrel
6715 6720 6725 6730
(b)

Fig.5 Sketches of the engineering geology in the rockburst zone. a
Structure planes and rockburst pit in the rock mass, and b geological
spread map exposed at the tunnel surface

(b)

scanning results show a linear small granular pattern and
a stripe pattern at location 1 and location 2 (see Fig. 7b,
¢), which are typical failure modes of shear slip. The rock
grains and powders at the rockburst pit were produced by
slipping friction along the dark green failure surfaces dur-
ing the rockburst. Therefore, this rockburst is a fault-slip
rockburst that occurred at the 4# dark green structure plane
and slipped down along the structure plane.

3 In Situ MS Monitoring of the Fault-Slip
Rockburst

3.1 MS Monitoring Scheme

To monitor frequently occurring rockbursts in the deep tun-
nel of the study area, an MS monitoring system was installed
in April 2017 (Hu et al. 2020; Niu et al. 2020). The layout
of the MS monitoring system is shown in Fig. 8a. The sys-
tem was composed of a monitoring center, sensors, several
communication elements (wireless bridges), junction boxes,
cables, etc. Two rows were set up with eight uniaxial sensors
(Fig. 8b) with four sensors installed at each row. The sen-
sors had an approximate usable frequency range that varied
from 7 to 2000 Hz (with a sensitivity of 80 V/ms), and the
sampling frequency was set to 6 kHz. Installation methods
of sensors, wave velocity model, wave velocity inversion
method, arrival time picking method, etc., have been stud-
ied previously (Feng et al. 2015b; Xiao et al. 2015; Zhang
et al. 2021). Some MS parameters, such as MS energy,
dynamic stress drop, and local magnitude are used in this
paper, which can be obtained with seismological methods
(Andrews 1986; Gibowicz 1998; Gibowicz et al. 1991; Mori
2003).

3.2 The Spectral Characteristics of MS Events
During the Fault-Slip Rockburst

The MS monitoring system captured the whole develop-
ment and occurrence processes of the extremely intense
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Fig.6 The structure planes exposed by tunnel excavation at the rockburst zone. a 1# structure plane, b 2# structure plane, ¢ 3# structure plane, d
44# structure plane, e 5# structure plane, and f 2nd joint set at the north side of working face

Table 1 The orientation and property of the observed structure planes

Joint set Structure plane Property Filling thickness Dip direction Dip angle (°)
(mm) ®
Ist joint set 1# structure plane Straight, smooth, unfilled - 280 80
2# structure plane Crooked, rough, black powder filling, opened 50 280 90
3# structure plane Straight, green filling 3 280 80
4# structure plane Straight, dark green filling, slightly opened 20 280 70
5# structure plane Crooked, white quartz vein filling, closed 40 280 70
2nd joint set Opening, no filling or weathering - 10 70

fault-slip rockburst. One MS event with the highest MS
energy was captured at 13:03:41 when the main rockburst
occurred, which was the rockburst MS event. The local
magnitude of the event reached 2.3, with an MS energy of
1.8 x 108 J. Notably, the local magnitude of the blasting
event at 7:33 was just 1.6, with an MS energy of 2.2 x 107 J.
The energy of the rockburst event was eight times that of
the blasting event. Figure 9 shows some waveforms and
their spectra of the rockburst MS event. The amplitudes
of the MS waveforms are all greater than 2 x 1072 m/s, and
the maximum amplitude reaches 5.07 X 1072 m/s at the G3
sensor (Fig. 9a). Xiao et al. (2015) measured the amplitude
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of rock mass fracture events to be 107'—1072 m/s in tun-
nels with the same layout of sensors excavated by drilling
and blasting. Therefore, the waveform amplitude during
the rockburst is a relatively large value in terms of the
statistical results of other rock fracture events in tunnels
excavated by drilling and blasting. The frequency spectra
of these waveforms are shown in Fig. 9b. The dominant
frequency of these waveforms is 13 Hz.

The evolution of the spectral characteristics of the rock
fracture signals collected by the G2 sensor during the fault-
slip rockburst was analyzed, as shown in Fig. 10. During
the development process of the fault-slip rockburst, the
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Scanning
location. 1

Scanning
location 2

Fig. 7 The revealed slip failure surface and its scanning results of 4# structure plane after the fault-slip rockburst. a The revealed slip failure sur-
face and the scanning location, b the scanning result of location 1, and ¢ the scanning result of location 2

dominant frequency is mainly distributed from 180 to
190 Hz. When the fault-slip rockburst is about to occur,
the main frequency gradually decreases, and the dominant
frequency is 13 Hz when the rockburst occurs, a relatively
low value, but it is still within the acquisition range of the
Sensors.

3.3 The MS Evolution During the Fault-Slip
Rockburst

The spatial distribution characteristics of MS events with
MS energies larger than 1 J during the “2018.11.15” fault-
slip rockburst are shown in Fig. 11. Figure 11a—e shows
the MS event spatial distribution characteristics during
the development stage with different distances L from the
working face to 4# structure plane. A negative distance
indicates that the working face is close to the 4# structure

plane but has not yet passed through the structure plane. A
positive distance indicates that the working face has passed
through the 4# structure plane. Figure 11f~h shows the MS
event spatial distribution characteristics during the occur-
rence stages of the rockburst. The color of the spheres
represents the occurrence time of the MS events and size
represents the logarithm of the MS energy. The MS events
associated with the development and occurrence of fault-
slip rockburst are selected by the pink rectangular area,
i.e., the rockburst zone, which was determined by the spa-
tial distribution studies about the rockbursts and the MS
activity in tunnels (Zhao et al. 2013). The total width of
the rectangular area is 35 m. Since the excavation process
is from the hanging wall to the footwall of the structure
plane, and microseismic events are mostly distributed in
the hanging wall, 25 m among the rectangular area is in the
hanging wall and 10 m is in the footwall. The dip angle is

@ Springer



5606 W. Zhang et al.
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Fig. 10 The dominant frequency of rock fracture waveforms during
the development of the fault-slip rockburst
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80°, the same as the 4# structure plane. The occurrence of
the first rock fracture event (observed in the rockburst zone
at 11:26:01 on November 9, 2018) can be considered the
start of the development stage of the rockburst.

As Fig. 11a—e shows, during the development of the fault-
slip rockburst, the spatial distribution characteristics of the
MS events vary. When the distance from the working face
to 4# structure plane was far, the MS events were mainly
distributed around the tunnel and closed to the working
face. As the distance from the working face to 4# structure
plane decreased, more MS events occurred and accumulated
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together in the hanging wall of the structure plane. When
the distance was 1 m, most MS events were distributed in
the hanging wall of the structure plane. During this process,
the MS events expanded upwards gradually to 22 m above
the tunnel. Even some MS events were distributed within
30-40 m above the tunnel.

The fault-slip rockburst has experienced the process of
rockburst occurrence (rockburst I), rockburst stopped tem-
porarily and rockburst reoccurrence (rockburst II). Fig-
ure 11f-h shows the MS event spatial distribution character-
istics at these stages. We can see that most of the MS events
clustered along the structure plane during the first occur-
rence of rockburst. Many MS events were distributed on the
structure plane, including the greatest rockburst MS event
(see Fig. 11f). The clean-up of the rockburst blocks slightly
disturbed the surrounding rock and caused the reoccurrence
of rockburst. Therefore, the time from 8:00, November 17
to 4:00, November 19 can be seen the development of rock-
burst II. Some rock fracture events occurred distributed at
the hanging wall of 4# structure plane (see Fig. 11g). Then,
from 5:00 to 16:00 on November 19, 173 MS events were
recorded with a cumulative logarithmic energy of 6.33, dis-
tributed in the range of 9-20 m above the tunnel along the
structure plane (Fig. 11h).

The above analysis shows that the studied rockburst
developed from the hanging wall of the structure plane and
expanded along the structure plane. Rock mass fracturing
was initially distributed on the surface of tunnel surrounding
rock, then gradually expanded upwards along the structure
plane to 22 m above the tunnel. Some rock mass fractures
were distributed within 30-40 m above the tunnel. These
results show that a high rockburst risk still existed in the
hanging wall of the structure plane. Fortunately, the waiting
time for rockburst II was long. If there is construction distur-
bance again before the MS activity has stopped completely,
rockburst is likely to occur again.

3.4 The Dynamic Stress Drop During the Fault-Slip
Rockburst

The dynamic stress drop is an important parameter during
the process of fault slip. For a tensile fracture in an intact
rock mass, the dynamic stress drop is the stress released on
the fracture surface when the rock mass fractures. For fault
slip, the dynamic stress drop is the stress difference before
and after fault slip. The greater the dynamic stress drop is,
the higher the stress in the environment where the rock mass
is located, and the more likely severe shear instability (Deng
et al. 2018; Ryder 1988), so the dynamic stress drop can be
used to describe the stress level on the structure plane and
in the surrounding rock (Ruff 1999). The dynamic stress
drop can be obtained through MS monitoring. Therefore,
the distribution and evolution characteristics of the dynamic

stress drop during the fault-slip rockburst were analyzed (see
Figs. 12, 13). Figure 12a—e shows the dynamic stress drop
during the development stage under different distances from
the working face to 4# structure plane. Figure 12f-h shows
the dynamic stress drop during the occurrence stage of the
rockburst. The Z-axis coordinates denote the system eleva-
tion set by the MS monitoring system; a Z coordinate of 0 m
represents an altitude of 3414 m.

As Figs. 12a—e and 13 show, during the development
stage, the largest values of dynamic stress drop were
1.92 MPa, 3.06 MPa, 1.88 MPa, 12.7 MPa and 6.92 MPa,
when the distances were —26~ —11m,—8 m,—5 m,—2 m,
and 1 m, respectively. The dynamic stress drop increased
gradually as the working face approached approximately
2 m from the structure plane, at which point the dynamic
stress drop decreased slightly with decreasing distance from
the structure plane. Regarding the distribution characteris-
tics, the dynamic stress drop concentrated around the tun-
nel and closed to the working face with a larger distance.
Then, it concentrated in the hanging wall of the structure
plane with decreasing distance from the structure plane.
Figure 14 shows the evolution of the dynamic stress drop
at the measurement points during the development of the
fault-slip rockburst with different distances from the working
face to 4# structure plane. Measurement points A,;—G, are
distributed in the hanging wall of the structure plane, with
a horizontal distance of 5 m from the structure plane. They
are distributed 2 m below the tunnel and 2 m, 12 m, 22 m,
32 m, 42 m, and 52 m above the tunnel. Measurement points
A,—G, are distributed at the footwall of the structure plane
at the same distance. These figures also show that when the
working face approached the structure plane, the stress near
the structure plane gradually increased and that when the
working face passed through the structure plane, the stress
gradually decreased.

Figures 12f-h and 13 show that the maximum dynamic
stress drop is 12.7 MPa and 16.94 MPa during the develop-
ment and occurrence stage of rockburst I. It is 9.1 MPa at the
development stage of rockburst II. A relatively high value
shows that the energy has not been released completely. The
maximum dynamic stress drop is 9.8 MPa during the occur-
rence stage of rockburst II. The above analysis shows that the
dynamic stress drop is higher at the occurrence stage than at
the development stage. It at rockburst I is higher than that at
rockburst II. The concentration area of the dynamic stress
drop at the occurrence stage is closer to the structure plane,
or at the structure plane.

Here, the stress evolution during the development of
fault-slip rockburst was discussed in terms of the distribu-
tion characteristics and evolution of the dynamic stress drop
(Fig. 15). When the working face approaches the structure
plane, the stress concentration area gradually approaches to
the structure plane and the stress value increases gradually.
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«Fig. 11 Evolution of the distribution of the MS events during the
fault-slip rockburst with different distances L from the working face
to 44# structure plane. a L=—26~— 11 m,bL=-8 m,cL=—5m,
d L=—-2m, e L=1 m, f rockburst occurrence (L=1 m), g rockburst
stopped temporarily (L=1 m), and h rockburst recurrence (L=1 m).
A negative distance indicates that the working face is close to 4#
structure plane but has not yet passed through the structure plane. A
positive distance indicates that the working face has passed through
the 4# structure plane

Extremely high stress concentrates in the hanging wall of
the structure plane when the distance is small. The stress
o4 1s the superposition of the stress o, in front of the tunnel
caused by excavation and the tectonic stress o related to the
structure plane. Then, the stress decreases slightly when the
working face passes through the structure plane.

3.5 The Development and Occurrence Processes
of the Fault-Slip Rockburst Using MS
Information

As shown in Fig. 16, the evolution of the MS activity with
MS energies greater than 1 J in the pink rectangular rock-
burst zone was analyzed to reveal the development and
occurrence processes of the fault-slip rockburst. Every point
shows the MS activity that occurred at the rockburst zone
in 4 h. The development process of fault-slip rockburst was
revealed by the development stage of rockburst I, and the
time from the first rock fracture event in the rockburst zone
to rockburst I occurred (11:26 on November 9~ 12:00 on
November 15). In this stage, the working face maintained
normal construction operations, so the development stage
is described below in terms of areas divided by a certain
distance from the working face to 4# structure plane, which
can be summarized as follows:

1. Slow development (distance from — 26 to — 11 m):
The MS activity increased slowly. The greatest number
of MS events observed was 17, and the mean number
observed was 2.75. These MS events mainly occurred
after blasting and were distributed around the tunnel
and close to the working face. The greatest logarithm
of MS energy observed was 4.3, and most logarithms
of MS energy observed were less than 4. The maximum
dynamic stress drop was 1.5 MPa.

2. Fast development (distance from — 11 to — 2 m): The
MS activity increased rapidly. The greatest number
of MS events observed was 14, and the mean number
observed was 3.69. A few MS events were distributed
near the structure plane. The greatest logarithm of MS
energy observed was 6.44 and most logarithms of MS
energy observed were 4-5. The maximum dynamic
stress drop was 13 MPa.

3. Imminent rockburst (distance from — 2 to 1 m): The MS
activity increased sharply. 34 MS events occurred with
a logarithm of MS energy of 6.42 from 7:33 to 12:00
after blasting at 7:33 on November 15, distributed in the
hanging wall along the structure plane. The maximum
dynamic stress drop was 6.5 MPa. Violent MS activity
indicated that the structure plane would slip and that the
fault-slip rockburst would occur soon.

The development stage of fault-slip rockburst is divided
into three stages according to the MS activity. In fact, the
strength and evolution process of MS activity correspond to
the process of crack evolution. The stronger the MS activity
is, the faster the crack generation and propagation. There-
fore, these three stages correspond to the stages of crack
initiation, propagation and penetration respectively.

The whole fault-slip rockburst process can be divided
into four stages (no change in distance in the later stage,
instead it is expressed by time), i.e., the development stage
of rockburst I, occurrence stage of rockburst I, develop-
ment stage of rockburst II and occurrence stage of rock-
burst II, which are expressed by stages ©—®@ (Fig. 16).
Here, the MS activities that occurred in the four stages
were analyzed (Fig. 17).

Figure 17a shows that the energy (logarithm values)
of MS events is mainly distributed at (— 2, 7) and that
the majority of the MS events are distributed at (— 1,
4), accounting for 85.7% of all the MS events. Eight MS
events have energies larger than 6. Among them, five MS
events occurred at the occurrence stage of rockburst I, and
one occurred at the occurrence stage of rockburst II. The
remaining two MS events occurred at the development
stage of rockburst I (occurring at the fast development
stage and imminent rockburst stage). A total of 110 MS
events occurred with energies within (3, 6). A total of
29.1% and 45.5% of them occurred at the development and
occurrence stages of rockburst I, respectively. A total of
5.4% and 20% of the MS events occurred at the develop-
ment and occurrence stages of rockburst II, respectively.
The number of high-energy MS events at the occurrence
stage is greater than that at the development stage. In addi-
tion, Fig. 17b shows that the proportion of high-energy
events at rockburst I is greater than that at rockburst II.
Regarding the accumulated MS energy, the logarithms are
6.77, 8.43, 6.15, and 6.41 at the four stages of the studied
rockburst (Fig. 17b). The accumulated MS energy at the
occurrence stage is higher than that at the development
stage, which is 45 and 3.4 times at the two rockbursts. The
total energy during rockburst I was 44.7 times that during
rockburst II.

Considering the rockburst occurrence conditions and
MS monitoring results, this fault-slip rockburst has the
characteristics of intermittent occurrence, and its energy
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Fig. 12 Distribution character-
istics of dynamic stress drop
during the fault-slip rockburst
with different distance L from
the working face to 4# structure
plane.a L=—26~— 11 m,
bL=-—8m,¢cL=—5m,d
L=—2m,eL=1m,frock-
burst occurrence (L=1m), g
rockburst stopped temporarily
(L=1 m), and h rockburst reoc-
currence (L=1 m)
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Fig. 13 Evolution of the

dynamic stress drop during the

fault-slip rockburst

Dynamic stress drop(MPa)

Rocl;burst 1

.

.
.

11/15
Date(Month/day)

6740

Rockburst 1T

50
Structure plane
40 +
30 4 G
20 | F
10 E,
E
Z 0 A
Z
N 10 C
-20 B
Tunnel
-30 Ar
40 -
-50 T T T T
6640 6660 6680 6700 6720
Chainage(m)
(a)
14 1
—A 12 4 —a— A
12 —e—B
‘ 10+
< —A—C
1 <
& 104 [
g —v—D, S 8 -
Qq S~
S 8- —*E 3
e —<F o
2 1 2 6
g 6 —— GI <]
o 7]
g o 44
5 4 E
g, g
A > 2
24 A
0_m7= T : T : T T T 0_ T
-28 -24 -20 -16 -12 -8 -4 0 -28 -24 -20

Distance from working face to 4# structure plane/m

(b)

T
-16

T
-4 0

Distance from working face to 4# structure plane/m
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is also intermittently released. This is consistent with pre-
viously presented stick slip model results (Scholz 1998),
laboratory testing results (Song et al. 2011) and MS moni-
toring results in mines (Lu et al. 2018). In addition, the
energy released during the first fault slip is greater than
that at the second time, as observed during laboratory test-
ing (Song et al. 2011). The first violent rockburst easily
results in a large-scale disaster, and the second rockburst
will also results in great psychological pressure on work-
ers. The dynamic stress drop is often used to predict the
occurrence of aftershocks in seismology (Mori 2003). This
parameter may play an important role in the warning of
fault-slip rockburst, and it can be used to analyze whether
rockburst will reoccur.
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4 The Mechanism of the Fault-Slip
Rockburst

4.1 Rock Fracture Mechanism During the Fault-Slip
Rockburst

To study the fracture mechanism of rock fracture events, Xiao
et al (2016b) proposed the method of P-wave development.
In this method, the relative development degree of P-wave is
characterized by the strength of the first motion amplitude of
the P-wave relative to the overall microseismic waveform. The
P-wave development degree Py, is defined as:

N
Pp=) AL/AL, (1)
i=1

where N is the number of trigger sensors of the microseis-
mic event, A; is the first motion amplitude of the P-wave
recorded by the i triggering sensor, and A} is the maximum
amplitude of the waveform recorded by the i triggering sen-
sor. The criterion for determining the focal mechanism based
on the P-wave development of microseismic events is shown
in formula (2)

P, > 0.047 Tensile failure
2

P < 0.047 Shear failure

The P-wave development degree of MS events with ener-
gies larger than 1 J associated with the fault-slip rockburst
was calculated. According to the criterion, the proportions
of the fracture types of the MS events associated with the
fault-slip rockburst at different stages are shown in Fig. 18.
The rock fracture events during the rockburst development
stages are mainly tensile fractures, approximately 98.3% and
83%, respectively for the two rockbursts. The proportions of
shear fracture events during the rockburst development stage
are just 1.7% and 17% at rockbursts I and II, respectively.
During the rockburst occurrence stage, the proportions of
shear fracture events increase to 38.1% and 47.4% at the two
rockbursts. The tensile fracture events decrease to 61.9% and
52.6% at rockbursts I and II respectively.

Fig. 19 Evolution of the rock
mass fracture mechanism during
the fault-slip rockburst

Shear| © °

The mechanism evolution of the rock mass fracture asso-
ciated with the fault-slip rockburst is shown in Fig. 19. Com-
bining the above analysis, the rock fracture events during the
rockburst development stage are mainly tensile fractures.
Shear and tensile fracture events occur alternately during
the rockburst occurrence stage with similar proportions. In
addition, some shear fracture events occur during the devel-
opment stage before the occurrence of fault-slip rockburst,
which shows that there was a small amount of shear slip
before the fault-slip rockburst occurred. These shear fracture
events were distributed near or on the structure plane. The
SEM test results on the failure surfaces also show the failure
mode of shear slip along the structure plane (see Fig. 7b, c).

4.2 The Evolution Mechanism of the Fault-Slip
Rockburst

The evolution mechanism of the “2018.11.15” fault-slip
rockburst was deduced by analyzing the failure character-
istics, geological conditions, and MS monitoring results.
Figure 20 shows a conceptual model that was used to simu-
late the evolution mechanism of the fault-slip rockburst. The
spatial characteristics of the MS events show that the fault-
slip rockburst occurred in the hanging wall of the structure
plane. Therefore, the right boundary of the rockburst was
controlled by the steeply inclined structure plane filled with
dark green filling material.

Due to the influences of engineering excavation, high
geostress, and the structure plane, a stress concentration area
forms in the surrounding rock. When the distance from the
working face to the structure plane is farther, rock fracture
occurs around the tunnel and close to the working face under
high stress. Cracks are sporadically generated in the hang-
ing wall of the structure plane. The fractures in this area are
basically tensile fractures and cracks parallel to the tunnel
are formed. This stage corresponds to the slow development
stage (Fig. 20a).

As the working face approaches the structure plane, the
stress concentration area is gradually closed to the struc-
ture plane and the stress increases gradually (Fig. 15a, b).
A large number of cracks are generated in the hanging wall.
The fractures in this stage are also mainly tensile (Fig. 20b).
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As the working face further approaches the structure plane,
the superposition of the stress o, and the tectonic stress o
leads to an extremely high stress o, in the hanging wall of
the structure plane (Fig. 15¢). Many tensile fractures occur,
forming transverse cracks parallel to the tunnel. The high
stress also leads to a few rock mass dislocations in the hang-
ing wall along the structure plane and further results in many
longitudinal tensile cracks parallel to the structure plane in
the hanging wall, which gradually extend deep and connect
with the transverse cracks along the direction parallel to the
structure plane (Fig. 20c). These two stages correspond to
the fast development stage.

When the working face passes through the structure
plane, under the influence of excavation disturbance and
high stress, the rock masses in the hanging wall of the
structure plane have a downwards slip trend. Rock frac-
tures develop rapidly. The cracks extend rapidly and are
completely connected with the structure plane. A certain
amount of mixed and shear fractures occur in this stage
(Fig. 20d). This stage corresponds to the imminent rock-
burst stage. Then, the fault-slip rockburst occurs (Fig. 20e).
The transverse cracks resulted in many flakey and sheet-like
rock fragments observed in the blasted rock mass (Fig. 2a,
b). The rock grains and dark green rock powders are signs
of slip caused by shear movement (Fig. 4b). After the main
rockburst, new cracks initiate, propagate, penetrate, and slip
along the structure plane. Therefore, many mixed and shear
fractures occur, with a similar proportion of tensile fractures.

As the waiting time of rockburst increases, the MS activ-
ity tends to be gentle. However, the energy accumulated in
the hanging wall of the structure plane is not fully released.
Under the influence of slight construction disturbance, the
dislocation of the structure plane results in crack extension
again. These cracks, parallel to the structure plane, penetrate
the transverse cracks (Fig. 20f), resulting in the occurrence
of rockburst II (Fig. 20g).

In conclusion, during the development process of fault-
slip rockburst, the structure plane plays an important role.
The stress level in the hanging wall of the structure plane
is further improved by the tectonic stress, leading to more
tensile fractures, forming transverse cracks parallel to the
tunnel. The cohesion of the structure planes is relatively
low and even loses cohesion under excavation disturbance,
so the structure plane is easily dislocated. The dislocation
results in the formation of longitudinal tensile cracks paral-
lel to the structure plane. These cracks extend until they
penetrate with free surface, and then eject and slip along the
free surface. Different from strain rockburst, the free surface
of fault-slip rockburst is a pre-existing large natural structure
plane. Therefore, under the same conditions, the penetra-
tion path of fault-slip rockburst is less than that of strain
rockburst. Coupled with the complex stress environment,
this finding explains why the destructiveness of fault-slip
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rockburst is greater than that of strain rockburst and strain-
structure plane rockburst.

5 Conclusions

In this work, an extremely intense fault-slip rockburst that
occurred in a deep tunnel in southwestern China was intro-
duced. The rockburst caused a large economic loss and
delayed the construction schedule for nearly 2 months. The
development mechanism and occurrence process of fault-
slip rockburst were studied by in-situ failure analysis, geo-
logical surveys, and MS monitoring. The fault-slip rockburst
occurred in the hanging wall of the dark green structure
plane and slipped along the structure plane. The local mag-
nitude of the fault-slip rockburst was 2.3, and the MS energy
was 1.8 108 J. The frequency spectral analysis shows that
the main frequency gradually decreases when the fault-slip
rockburst is about to occur, and the main frequency is 13 Hz
when the rockburst occurs, which is within the acquisition
range of the sensors.

The MS monitoring results show extremely intense
MS activity during the fault-slip rockburst. During the
development stage, the fractures in the rock mass gradu-
ally expanded upwards along the structure plane to 22 m
above the tunnel, and some fractures are distributed within
30—40 m, reflecting a higher rockburst risk in the hanging
wall of the structure plane. This fault-slip rockburst occurs
intermittently, and its energy is also intermittently released,
which results in great psychological pressure on workers.
The logarithm of the accumulated MS energy reaches 6.77,
8.43, 6.15, and 6.41 at the development and occurrence
stages of rockburst I and II, repectively. In addition, the
dynamic stress drop was used to study the stress state during
the development and occurrence of the fault-slip rockburst.
Furthermore, the dynamic stress drop can be used as an indi-
cator in the warning system of fault-slip rockburst and in the
analysis of whether rockburst will reoccur.

The rock fracture events that occur during the rockburst
development stage are mainly tensile fractures, and a few
shear fracture events occur before the occurrence of fault-
slip rockburst. These shear fracture events are the disloca-
tion signal of the structure plane. The structure plane plays
an important role during the fault-slip rockburst at the fast
development stage. The stress in the hanging wall of the
structure plane is further improved by the tectonic stress,
leading to more transverse cracks parallel to the tunnel. The
dislocation of structure plane causes longitudinal tensile
cracks. These cracks extend parallel to the structure plane
until they penetrate the structure plane, forming rock frag-
ments and resulting in the slip. The pre-existing large natural
structure plane reduces the length of the penetration path,
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leading to a stronger destructiveness. The results of this case
study can be used as a basis for further mechanism research
on fault-slip rockburst and planning appropriate warning and
mitigation measures.
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