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Keywords Abstract

Rock burst is the most attractive and hot research area in geomechanics, mining, and civil

Rock burst

engineering due to the increasing depth of mines and construction of deep underground

structures. It has also been a severe problem in ground control measures in the last few

Investigation

decades. Many studies have been done by different researchers in order to minimize the

hazards of rock burst and to provide a safe mining/working environment. It is important

Safe working

to review the current advancement of rock burst prediction and its preventive measures.

This paper reviews the experimental progress of rock burst warning, prediction, control

Prediction

measures, and potential damage measures. Different effective methods of rock burst

prediction and control are also described.

Damage potential

1. Introduction

The rock burst occurrence has been reported in
China, South Africa, Canada, Australia, Chile,
Sweden, India, Poland, France, America, Britain,
Germany, Russia, Ukraine, Japan, South Korea,
Pakistan, and twenty other regions/countries [1];
the history of rock burst in China and other
countries dates back to 280 years ago. It has
become a transient and complex static-dynamic
process, and has attracted attention in rock science,
underground excavations, supports design in hard
rock-mines, geomechanics, and mostly in coal
mines at deep levels.

In order to understand the rock burst mechanism,
its prediction, assessment, and prevention, and its
intensity, damage potential, and impacts, a lot of
research works have been carried out in the form of
laboratory tests, field experiments, and computer-
based technologies. With the passage of time, the
mitigation techniques have been improved and the
theories have been modified to find solutions for
this world-wide rock burst problem. Rock burst is
a severe and complex problem in every country
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where the mines are very deep. It has also attracted
attention in geotechnical engineering [2-4]. Sound
research works in rock mechanics are revolving
around rock burst, and the researchers are doing
their best to predict it and to control this problem.
This section of the paper will show the research
progress made by several experts and researchers
from all over the world. In the recent decades, the
rock burst phenomenon has been investigated
through experiments on the basis of different
proposed theories.

2. Experimental progress

Experimental studies have been conducted by
some experts on rock burst using the uniaxial
compression tests, multi-mode tests (combined
uniaxial and biaxial static-dynamic tests), true tri-
axial loading and unloading tests, and conventional
tri-axial unloading tests. The acoustic emission
(AE) technology has been introduced and used in
rock mechanics to investigate the rock failure and
rock burst phenomenon [5-7]. True tri-axial
equipment has been modified and re-introduced
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with a unique characteristic of unloading the
samples during a test on one surface; it was used to
understand the strain burst process and simulate the
results obtained [8]. Bolts and anchors have been
designed and considered as an efficient measure for
rock burst control due to their performance in the
reinforcement of rock-coal and to hold retained
reinforced rock-coal mass. Supports have also been
monitored and investigated by different experts

Laboratory experiments have been conducted to
investigate the rock burst mechanism. The in-situ
stress state has been investigated, and also
generation of the 3D stress state has been analysed
and discussed [10]. An experimental scenario is
mentioned in Figure 1. The plate structure
evolution is correlated with the structural response
of the rock, and is divided into three types [Figure
2].

such as “Cone bolt” and “Roofex” [7, 9].
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Figure 1. Stress excavation-induced rock burst [10].
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Figure 2. Structural changes after rock burst [10].

Laboratory modelling of the rock burst
phenomenon under a severe deep ground condition
was the major achievement of the State Key
Laboratory for Geomechanics and Deep
Underground Engineering (SKLGDUE) at the
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China University of Mining and Technology,
Beijing. A “Deep Underground Rock Burst
Analogue Test Machine (DURATM) was designed
in 2006 (Figure 3).
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DURATM is a unique system with specific
characteristics. In these experiments, it was
important that one surface of the sample should be
unloaded immediately and the other surface should
be free, which was crucial for the simulation of the
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mulation of rock burst process at deep levels (CUMT-BEIJING) [10].

in situ rockburst condition, and the design of a
single face unloading device was a great
achievement of SKLGDUE at CUMT, Beijing
[Figure 4].

The Single Face Unloading Device
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Figure 4. The single face unloading device [10].

In 2006, 200 tests were conducted using DURATM
at SKLDGUE; the samples were brought from
different countries, and different types of tests were
conducted; the rock burst tests were most important
among them. In 2011-12, a new apparatus for rock
burst experiments in laboratory was introduced and
designed. It was developed to simulate the impact-

33

induced rock burst. Instantaneous burst, delayed
burst, and pillar burst were simulated by this
system. A representation of the system is given in
Figure 5. For the static and dynamic tests, CRLD
(constant resistance large deformation bolts) were
developed. CRLD, with its working principles, is
given in Figures 6 and 7 [10]. Apart from this, the
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testing systems for the static and dynamic stress-
state tests were developed and used [11]. On the
basis of the types and classification of rock burst,
an experimental study was conducted, and a variety
of laboratory tests were performed to understand
the rock burst mechanism. In 2015, Zhou carried
out the buckling rock burst test on a granite
specimen to analyze the failure characteristics [12].
In 2018, Li conducted a spallation failure test on a
granite sample through a modified Hopkinson
pressure bar, and a crack propagation in the form
of semi-sinusoidal waves was observed by a high-
speed camera [13]. Dyskin and Germanovich
conducted an experiment to evaluate the causes of
slab-type rock burst, and their results proposed that
excavation promoted the primary fractures, and
free surface was responsible for crack propagation
in the parallel direction of rock-wall, and rock burst
occurred [14]. Li also carried out a test on the same
material to find out the causes of rock burst by
tunnel excavation, and from the results obtained, he
proposed that the tunnels in the fields were under
the spalling and drum-type tensile failure [15].
Gong reproduced the buckling rock burst process
through an experiment (a 3D loading test by a true
tri-axial test system) [16].

Laws of failure of rock burst were analyzed
through an experiment using the true tri-axial test
system [17].

Loading principle of tunnel-like specimens
Figure 5. New deep rock non-linear mechanical
system [10].
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Figure 6. Constant resistance large deformation
bolt [10].
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Flgure 7. Supportlng principle for a constant
resistance, large deformation bolt. (A). Elastic
deformation stage (B). Structural deformation stage
(C). Ultimate deformation stage. [10].

Zuo conducted various experiments on a
combination of different rocks and analyzed the
dynamic effect of stress [18]. The evolution laws
of temperature field and displacement field were
verified by conducting an experiment on an
instable model to analyze the failure process (by
the non-contact monitoring method) [19]. An
indoor physical test was conducted in 2018, and the
model of inclusion rock burst was proposed; the
whole process of rock burst was reproduced in
laboratory to study the rock burst mechanism. This
study was very fruitful for the prevention and
control of rock burst [20].

3. Warning, prediction, and control measures

As rock burst is accompanied by a sudden and
violent ejection of rock or coal, and so it is almost
difficult to minimize deformation and failure
initiation in a highly stressed rock or coal [21].
“Warning” means the indication of rock burst risk
in high stressed zones, and it is the first step
towards rock burst prediction. Several researchers
have adopted different warning methods about
rock burst. “Rock burst warning” is an indication
towards the location, intensity, and probability of a
rock burst. It does not indicate the time of rock
burst occurrence. In 2017, the Chinese researchers
proposed the warning measures for rock burst in
deep metal mines, and the results obtained were
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used for further investigations [22]. Rock burst
creates a spatial fractal behavior during the
distribution process [23]. According to the Chinese
researchers, monitoring the micro-seismic events
and energy distribution during these events is a
fundamental step towards warning. They have
proposed a correlation between the rock burst
intensity and micro-seismicity. The higher the
energy, the larger are the event numbers and the
higher is the rock burst tendency and the greater are
the rock burst intensities [24].

Several measures have been used to prevent and
restrict failure of rock or coal. The preventive
measures can help to avoid or minimize the impact
of rock burst. In Poland, the research on rock burst
is more advanced. Poland has developed an
efficient monitoring system, which has been
installed in all rock burst prone mines. This
monitoring system works on the method of micro-
seismic events, drilling chip, and efficient
prediction. The ARAMIS M/E micro-seismic
monitoring system and the ARES-5/E earth-sound
monitoring systems have been developed in
Poland, and these systems are used around the
world. A passive seismic tomography has been
effectively used for the prediction of the rock burst
hazard [25]. In China, there are several monitoring
systems that are helpful to predict rock burst as the
more cases of rock burst occurred, so different
monitoring methods such as micro-seismic
monitoring events, electromagnetic radiation,
drilling chips, and ground sounds are used [26-30].
Rock burst is accompanied by induced dynamic
and static stress according to the principle of
superposition. In 2014, Limning Dou and
Zonglong Mu suggested that in order to predict
rock burst occurrence, the static and dynamic stress
states should be monitored. According to these
researchers, the dynamic stress is monitored on the
basis of the breaking laws of coal-rock. The micro-
seismic method, CT/EMR, and the earth sound
technology were used to monitor the whole
process. The static stress was monitored through
drilling cutting monitoring and the elastic wave CT
test. The staticldynamic stress method was used
for the prediction of rock burst [31]. The zoning
and leveling forecasting method [32] has been
proposed by Dou and He in order to predict the
rock burst danger. According to them, the
prediction method includes an early prediction and
a real time prediction. They used a comprehensive
index to predict danger. They also proposed
different forecasting methods, and rockbursts were
predicted on four scales in dangerous areas. The
prediction scale is given in Figure 8 [33]. The CT
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technology was used in China to predict the rock
burst danger; Wang have studied and used the CT
and EMR technologies in Chinese coal mines [34-
36].

A “novel technology” has been used for controlling
the hard and thick roofs. This technology was
effective with broad applications such as time-
saving, labor-saving and safety. Researchers have
conducted sound analyses on burst intensities
through the burst resisting mechanism by hard rock
fracturing (roof fracture) [37, 38]. Many prediction
methods such as the fuzzy-based evaluation
method distance discriminant analysis, support
vector machine (SVM) extension theory-based
method, rough-set-based method, numerical
simulation method, and unascertained method have
been suggested by many researchers; every method
has its own limitations. BP (back-propagation) and
RBF (radial basis function) have also been used
[39-47]. In the recent years, the ANN-based
method has been used by various researchers to
predict rock burst. This method has been
considered as an efficient and intelligent method
for rock burst prediction [48-49]. PNN
(probabilistic neural network) has been introduced
by Specht and Donald, and used by a number of
researchers to predict the rock burst classification
as well as fault diagnosis [50-55].

Point Drillin%1 cutting
forecast metho
‘ Electromagnetic
Local radiation method
forecast | =
;
Regional
forecast Comprehensive index method
Multi-factor coupling method

Control
Figure 8. Prediction of rock burst danger [31].

Early forecast ~ Real-time forecast

Since rock burst is a complex phenomenon,
therefore, a comprehensive analysis has been
performed by different researchers; the individual
indices were determined, and then a
comprehensive index was presented. Figure 10 [56]
illustrates the comprehensive analysis of different
factors for rock burst prediction and pre-warning
from a stress-strain curve. Based on the
comprehensive index, the degree of rock burst is
identified and the controlling measures are given in
Table 1.
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Figure 9. The design process of PNN modeling for prediction of rock burst [42].
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Figure 10. Stress-strain and seismo-acoustic events for rock under different loading stages. [56].
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Table 1. Prediction of rock

burst danger [56].

Danger Danger Comprehenswe Controlling measures
degree state index
A No <025 Managing the mining area normally and conducting the designing and
’ mining the same as that without rock burst danger.
Providing monitoring and pressure releasing equipment.
B Weak 0.25-0.5 Forming monitoring and controlling plans.
Conducting monitoring and pressure measures and check validity.
In addition to measures taken as weak danger, reasonably allocating
C Medium 0.5>0.75 roadways and chambers, reasonably selecting mining, and supporting
parameters.
In addition to the measures taken as a medium danger, pre-mining
pressure releasing measures should be conducted comprehensively and
D Strong >0.75 check their validity.
If rockburst danger cannot be eliminated, mining activities should
terminate or be re-designed.
Different researchers have selected different define the rockbursts intensities. The criteria listed

parameters to evaluate the rockbursts index criteria.
The approaches were different on the basis of
rockbursts intensities. Field stresses were used to

Table 2. Warning and prediction about

in Table 2 were proposed early and used for further
research works.

rock burst occurrence [57-60].

Scholar Criteria of rock burst

Source

RUSENSES

o0,/ 0. <0.20 (No rock burst activity)

0.20 < 0,/ 0. <0.30 (light rock burst activity)

0.30= 0,/ 0. <0.55 (Moderate

rock burst activity)

0,/ 0, =0.55 (Strong rock burst activity)

TANG o, /0, >0.33(light rock burst

activity) (Tang, 2000)

0.16 <0./ 0, <0.25 (Moderate rock burst activity)
0./ 0, <0.16 (Strong rock burst activity)

WANG et al

0.50 =<0,/ 0, =0.70 (Moderate

0,/ 0. <0.30 (No rock burst activity)
0.30 = 0,/ 0. <0.50 (light rock burst activity)

(Wangetal,,
1998)
rock burst activity)

o,/ 0. >0.70 (Strong rock burst activity)

HOKE and
BROWN

0,/ 0. =0.34 (Light stripping)

0,/0,. =056 (More lining)

0,/ 0. =042 (Strong stripping)

(Hoek and
Brown, 1997)

o0,/ 0. =0.70 (Strong rock burst)

Tao

0./ 0, >14.5 (No rock burst activity)

(Tao, 1988)

5.5<0./0,s14.5 (light rock burst , with light sound)
2.5=s0./0,<5.5 (Moderate rock burst, with crack

sound)

0./ o0 <2.5 (Strong rock burst, with strong crack

sound)
TURCHANINOV
0.30<(0,+0,)/0.50.50 (Ro
0.50< (0, +0,)/ 0.s0.80 (Ro

(0, +0,)/ 0, <0.30 No rock burst activity)

ck burst probably)
ck burst surely)

(0,+0,)/ 0. >0.8 (Strong rock burst activity)

In Table 2, 0v denotes the tangential stress of the
surrounding rock, MPa, o denotes the axial stress
of the rock surrounding the excavation, MPa, g
represents the in-situ stress of the area, and MPa,
o11s the uniaxial compressive strength (UCS) of the
rock in MPa.

Dong has proposed a set of equations for the
prediction of rock burst on the basis of energy, and
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this set of equations have been used by various
researchers to evaluate the comprehensive indices
through different approaches [42, 61].

Wex>1.5 1)
01>60/\/aWQx )
a=1+8-2u8 (©)
§=0do (4)
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Wqx IS the rock burst occurrence tendency index; o1
and o, are the principle stresses around the
surrounding rock; pisthe possion ratio , and
¢ is a ratio of the major stress.

Kidybinski gave an idea of energy index We, and
proposed a new criteria for warning and prediction
of rock burst [62].

Table 3. Conditions and warnings [62].

Condition Warninig/Prediction
W, <2.0 No Rock burst
20 W, £50 Moderate Rock burst
Wee 25.0 Strong Rock burst

The intensity weakening theory has been adopted
and applied as a preventive measure for rock burst.

%Tremor source
) A

\

Before intensity "~
weakening

oUr

t
!

brsz'f'ﬁ‘—a—' (_jco

U=U,=[[[iU(@E)/i+iU (@ E )/ i+l (aE) i U, (5)
where U is the accumulated elastic strain energy of
the coal-rock mass at any time, Uf is the
disturbance energy by mining-induced tremors, U0
is the difference between the initial accumulated
and dissipated elastic strain energy of the coal-rock
mass, Uj is the limited elastic stored energy of the
coal-rock mass, Ut is the increment of accumulated
elastic strain energy at any time t of coal-rock mass,
and Ue denotes the released elastic energy by the
relieve shot [31]. This theory was applied to the
long wall mining method [Figure 11].

| After intensity
weakening

Longwall
face

Yot

Figure 11. Energy weakening theory [31].

According to the above theory, the burst tendency
can be reduced by weakening the coal-rock. Stress
concentration can be reduced by transferring the
peak stress into a deep area of coal-rock. The
pressure measures can be taken in case of rock
burst occurrence to release pressure in order to
minimize the damage risk. In 2008, Singh proposed
some ideal steps to control the rock burst
occurrence and concluded that “the number of
steps can be taken to minimize the occurrence of
rock bursts in the seismically hazardous mine
workings [63]. The mining operations should be
planned to minimize the mining induced energy
changes by optimizing the mining sequence and by
avoiding the formation of high-stress areas. Rock
support should be designed adequately, and the
volumetric convergence may be controlled by
partial extraction, back-filling, and small stopping-
width” [64]. In 2015, A. Mazaira and P. Konicek
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published an article and proposed that lithology
and stress concentration  monitoring and
investigations are the main steps to predict the risk
zones. They proposed that it was necessary to
predict the dangerous zones that had a tendency for
rock bursts. Determination of the lithology and in-
situ stress state are the basic steps involved to
indicate the areas where rock or rock mass achieves
a level of critical stress because a huge amount of
strain energy can be stored in a hard rock mass, and
this is done by using a comprehensive geological
model. A correct prediction can minimize the risk
and costs, and provides a safe environment for the
workers. According to the stress approach, several
mathematical indices, e.g. failure approach index
(FAI) and excess shear stress (ESS) were used to
evaluate and forecast the rock burst risk. Under an
energy-balance approach, the methods used to
predict rock burst risk were based on energy
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indices such as energy release rate (ERR), energy
storage rate (ESR), strain energy storage index
(WET), potential energy of elastic strain (PES) or
strain energy density (SED) (i.e. the elastic strain
energy in a unit volume of the rock mass, which is
calculated by the uniaxial compressive strength of
the rock and its unloading tangential modulus and
burst potential index (BPI). Rock burst risk was
also predicted using the rock brittleness index B
(i.e. the ratio of uniaxial compressive strength to
tensile strength of rock [65-73]. When the
predictions were completed, then it was easy to
take the control steps and preventive measures.
According to the research studies, three different
approaches or steps have been proposed for rock
burst prevention: (I) optimization of the project
layout scheme; (II) pre-conditioning of the rock

mass; and (llI) rock mass reinforcement and
support [74, 75]. These approaches were felicitous
for both the mining and civil works, even though
there were important differences in their
application to these fields, for instance,
establishing the same prevention approaches but
specifically focusing on mining excavations.
Recently, numerical modelling has been used as a
helping tool to evaluate the rock burst risk. Rock
burst is a very complex phenomenon and cannot be
predicted through a single parameter or factor. On
the basis of the above-mentioned information,
mining stresses and disturbances are responsible
for rock burst occurrence; multi-factors were
considered and studied for the prediction and
control measures.

Methods to Reduce Damaging
Effects of Excessive Stress

3

L
Alternative | E Ground preconditioning J
mining methods

Rock Support

|

L _\
Mining with pillarless
protective mining

seams/veins or
sacrifice galleries

Rock reinforcement
(shortcrete, bolting,
wiremesh, steel
support)

L
Backfill or
stowing

L v
Destress Destﬁ Water
drilling blasting Infusion

Figure 12. Modified [76, 77].

4. Damage potential measures

A sound research work related to the potential of
rock burst has been conducted. In 1974, the
Russnes’s method was proposed, which classified
the rock burst severity into four groups (none,
weak, moderate, and severe, according to different
basis such as noise, shape, and features of failure
after rockburst) [78]. Tan has proposed a method
that classified rock burst into four classes on the
basis of in-situ laboratory tests and investigations,
and considered the mechanical characteristics, the
type and the shape of the failure, the intensity of
destruction, and the sound of the rock burst [79]. In
1994, Brauner proposed a unique method (Brauner,

39

1994), which classified rock burst into three levels
based on the intensity of destruction to the
surrounding rock mass [80]. The Canadian team of
Rockburst Research Program (CRRP) has also
proposed a method (Kaiser, 1996) that is based on
geometry, depth of damage zone inside the rock
mass, observations and empirical criteria, and
classifying the damage severity of rock burst into
minor, moderate, and major [81]. In China, a
research group working on the Code for Geological
Investigations of Hydropower Engineering
(CGIHE) has proposed a method to investigate the
rock burst severity, which is a typical qualitative
rock burst classification method. A new rock burst
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classification method has been suggested by Chen,
which is based on the radiated energy from rock
burst monitored with a micro-seismic method and
the severity of surrounding rock damage for the
guantitative prediction of rock burst severity [82,
83]. Due to the simplicity and flexibility of this
method, it is mostly used for the prevention and
control of rock burst in mining and geotechnical
engineering fields, and these methods help for

further studies and new methods.

Different

approaches are shown in Table 6. The researchers
are working on the rock burst phenomenon in every
respect because it is a major problem of mining and
geotechnical fields globally. The above table
describes the different approaches, mathematical
equations, and parameters to predict the rock burst
potential. It also describes the complete the
scenario of various approaches from 1972 to 2017
[84-133].

Table 4. Damage potential approaches [84-133].

. No Light rock Medium Heavy Serious
Authors (year) Index and/or equations rock burst rock burst rock rock
burst burst burst
Turchaninov (1972) (o + oL)/oc <0.3 0.3-0.5 0.5-0.8 >0.8
Neyman (1972) Wet= Ee/Ep <2.0 2.0-35 3.5-5.0 >5.0
Hucka and Das (1974) B (G?Ttg;*/r(‘ii";)r ;‘"ék:: sin o 10-5
Barton (1974) oc/o1 >10 5-2.5 <25
Barton (1974) or/o1 >0.66 0.66-0.33 0.33-0.16 <0.16
Russenes (1974) Stress coefficient ov/oc <0.2 0.2-0.3 0.3-0.55 > 0.55
Russenes (1974) Stress coefficient Is/co >0.20 0.15-0.20 0.083-0.15 <0.083
Hoek and Brown (1980) ov/0c 0.34 0.42 0.56 >0.7
Ryder (1988) ESS=|t|-cntan ¢q <5 5-15 >15
Cook, (1966) ERR = ®y/®o <3.5% 3.5-4.2% 4.2-4.7% >4.7%
Tao (1988) Al =oc/o1 > 145 5.5-14.5 2.5-55 <25
Tao (1988) 61/0¢ <0.069  0.069-0.180  0.180-0.400 > 0.400
Hou (1989) Her=0.3180¢ (1 — w)/(3 — 4p)y
Hou (1992) o1 (uv\scl,z;o.s/cc <<1i5 11—51_3115 1.245:133 s 13?'753
Singh (1988) Decrease modulus index >1 1-2 <1
Singh (1988) Burst proneness index <10 10-15 >15
Li (1990) Kuw= (omax)2} cos o/E <0.1 0.1-0.3 0.3-0.6 >0.6
Tan (1991) Brittleness index Ky= U/U1 <35 3.5-5.0 5.0-7.0 >7
Xiao (1991) ® = (61/c1cr)? <1 1-2 2-5 >5
GBsOZl%%t)('YRWR K= (Vo/Ve)2 <055 055-0.65 0.65-0.75  >0.75
Aubertin (1994) Brittleness Index Modified (BIM) = Az/As >1.5 1.2-15 1.0-1.2
Muitri (1996) Energy-band failure index PSF = es/ec
Palmstrém (1995) Competency factor Cg= fsoc/c6 = RMi/oo >25 1.0 -25 0.5-1.0 <0.5
Peng (1996) Her= ov/[y((1 + 1) + 2(1 — X)cos20)]
Peng (1996) Rock brittleness coefficient Bs= oc/ot >40 40-26.7 26.7-14.5 <145
Wu and Zhang (1997) Dr > 500 50-500 <50
Simon (1999) BPR = |Kp/Ke
Simon (1999) OBI = Fob/Fres
Wang (2009) EMTDM ov/oc <0.3 0.3-0.5 0.5-0.7 >0.7
Mitri (1999) BPI = (ESR/E) 100% 100% <25% 25-50% 50-75% 75%-1>1
. 1.7 x 10" >3.5x
Yeryomenko (1999) Rockburst-hazard criterion K1 = Ese/JQ <10%
-3.5x10™ 10
Yeryomenk (1999) K2 = p1/p2 >1 0.5-1 0.1-0.5 <0.1
Feng (2000) k= 0.1(ocx &r)/(otX &) <3 3-5 >5
Tang (2000) Her=oc(1 — w/[5(3 — 4p) v]
Wang and Park (2001) ' PES = 6¢2/2E., . <50 50-100 100-150 150-200 > 200
Pan and Li (2002) Her=05(1 qu?ﬁ%;;ggl) !
Tang and Wang (2002) k = (oc % &)/(otX &b) <20 20-75 75-130 > 130

40
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Brittleness index Ku

Zhang (2003) Ku = U/U; <2 2-6 6-9 >9
Zhang (2003) B3 =o¢/ot <10 10-18 >18
Zhang ( 2003) o =0c/01 >10 5-10 2.5-5 <25
Zhang (2003) B =ov/o1
Heal (2006) EVP =E: EJ/E; Es <50 50-85 85-105 105-140 > 140
Bukowska (2006) GEOn= Rn Wh <60 60-71 72-112 >112
GB50487-2008 (National
Standards Compilation
Group of People’s Gc/Omax >7 4-7 2-4 <2
Republic of China, 2008)
Mitri (2007) PSF =(61/UCSm) 100%
Li (2008) RQD index <25 25-50 50-70 >70
Li (2008) Stress index <0.15 0.15-0.20 0.15-0.25 >0.25
Li (2008) Grade of surrounding rock below =111 -1 |
Chen U/Uo 0.3 0.4 0.5 >0.7
Lu, J.Y, (Zhou, 2010) o/6>Ks o/oc 0.25 0.5 0.75 1.00
Lu, J.Y (Zhou, 2010) Ks 0.30 0.40 0.45 0.60
- Normalized deviatoric stress
Hosseini, (2010) NDS=(01-03)/0: <0.35 0.35-0.5 0.5-0.8 0.8-1.0 >1.0
Shan Z G (Zhou, 2010) lithology criteria ov/oc > Ks
Qiu (2011) RVI = FsFiFm Fq
Tarasov and Randolph . . e
(2011) Brittleness index Bs= (Eus— M)/M
Castro (2012) BSR = (61— o3)/0¢ .45-0.6 0.6-0.7 >0.7
Shang (2013) Pro = (K- o)/t <17 1.7-3.3 0.3.3-9.7 >97
— 3.064 —0.4625
Zhang (2013) 8= ‘anh{[o'm“?é%“]/‘(’f,% o (B " We) 95 0.25 050 05-075 >0.75
He (2015) Rockburst risk index lre= H/ors <0.6 0.6-1.2 1.2-2.0 >2.0
Yin (2014) Ds = Wer gsa//ete <10 10-20 >20
Weighted value of peak particle velocity
Mutke (2015) (PPVW), m/s <0.05 05-0.2 .0.2-0.4 >0.4
Mutke (2015) AG-R = [(bm — b)/bm]-100% <0 0-25 25-50 >50
Potential rockburst index
Zhang (2016) Q= (3 — ho)Wer oo <0.4 0.4-1.05 1.05-2.5 >25
oc/o1 >5 4-5 2.5-4 1.5-25 <15
Zhao (2017) 60/0c <0.2 0.2-05 0.5-0.7 0.7-0.9 >0.9
6c/Ov >10 5-10 3.3-5 2.5-33 <25
Zhou (2017) Wet= Ee/Ep <2.0 2.0-5.0 5.0-10.0 >10.0 <25

5. Conclusions

The previous experiments and strategies of
rockburst prevention, control, monitoring, and
prediction are discussed and mentioned in this
paper. From the very beginning to the current era,
there were many flaws in the previous approaches
and methods, which were modified with the
passage of time and requirements. Experiments
were performed carefully to investigate the
rockbursts phenomenon and its prediction and
damage potential. The uniaxial compressive test,
multi-mode tests, and tri-axial texts were
conducted at laboratory to investigate the rockburst
mechanisms. The experimental procedures and
equipment were modified. The AE technology was
introduced to investigate the rock failure.
Laboratory modelling of the rock burst
phenomenon under severe deep underground
condition was the major achievement of
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SKLGDUE at the China University of Mining and
technology, Beijing. Laboratory modelling of rock
burst phenomenon under severe deep underground
condition was the major achievement of
SKLGDUE at the China University of Mining and
technology, Beijing. Invention of DURATM and
simulation of rock burst process at deep levels
(CUMT-BEIJING) were a major success. Many
prediction methods such as the fuzzy-based
evaluation method have been suggested by many
researchers. The PNP modelling process was
established to predict rockburst. Dou Liniming and
Mu Zonglong invented a new procedure to evaluate
the rockburst prediction, prevention, and damage
potential through the energy theory. At the end, a
table is drawn carefully to summarize the rockburst
danger and potential measure.



Bacha et al./ Journal of Mining & Environment, Vol. 11, No. 1, 2020

References

[1]. Zhoua, J., Lia, X. and Mitri, S.H. (2018). Evaluation
method of rockburst: State-of-the-art literature review.
Tunneling and Underground Space Technology. 81:
632-6 https://doi.org/10.1016/j.tust.2018.08.029

[2]. He, M.C. (2009). The mechanism of rockburst and
its countermeasure of support, Int consultation report for
the key technology of safe and rapid construction for
Jinping Il Hydropower Station high overburden and
long tunnels, Jinping II. pp 23-28.

[3]. Kaiser, P.K. (2009). Failure mechanisms and rock
support aspects, Int consultation report for the key
technology of safe and rapid construction for Jinping Il
Hydropower Station high overburden and long tunnels,
Jinping II, pp 62-71.

[4]. Wang, Z., Li, L., Han, B.L.C., and Lan, T. (2019).
Study of Simulation Test in Inclusion Rock burst.
Hindawi Advances in Civil Engineering Volume 2019,
Article ID 6192546. 20 pages
https://doi.org/10.1155/2019/6192546.

[5]. Yang, J and Wang, L.J. (2005). Study on mechanism
of rock burst by acoustic emission testing, Chinese
Journal of Rock Mechanics and Engineering. 24
(20):3796-3802 (in Chinese).

[6]. Zhao, X. D. (2006). Experimental study on
earthquake bearing model of rock fracture based on
sound emission detection, PhD dissertation,
Northeastern University, Shenyang (in Chinese).

[7]. He, M.C and Sousa, L.R. (2014). Experiments on
Rock Burst and its Control. Conference: Third
Australasian Ground Control in Mining Conference
Sidney, At: Sidney. Volume: pp 19-31

[8]. He, M.C, Jia, X.N, Gong, W.L., Liu, G.J. and Zhao,
F. (2011). A modified true triaxial test system that
allows a specimen to be unloaded on one surface, in
True Triaxial Testing of Rocks, (eds: M A
Kwasniewski, X Li and M Takahashi). pp. 251-206
(CRC Press: London).

[9]. Kaiser, P.K. (2009). Failure mechanisms and rock
support aspects, Int consultation report for the key
technology of safe and rapid construction for Jinping Il
Hydropower Station high overburden and long tunnels,
Jinping II, pp 62-71.

[10]. He, M. and Sousa, L.R. (2014). Experiments on
rock burst and its control. Proceedings AusRock
Third Awustralasian Ground Control in  Mining
Conference, pp 19-32 (The Australasian Institute of
Mining and Metallurgy: Melbourne).

[11]. He, M.C., Jia, X.N., Coli, M., Livi, E. and Sousa,
L.R. (2012). Experimental study on rockbursts in
underground quarrying of Carrara marble, Int J Rock
Mechanics Min Science, 52:1-8.

[12]. H. Zhou, R. Xu, J. Lu et al., “Study on mechanisms
and physical simulation experiment of slab buckling
rockburst in deep tunnel,” Chinese Journal of Rock

42

Mechanics and Engineering, vol. 34, no. 2, pp. 3658-
3666, 2015. View at Google Scholar

[13]. X. Li, C. Li, W. Cao, and M. Tao. (2018). Dynamic
stress concentration and energy evolution of deep-
buried tunnels under blasting loads,” International
Journal of Rock Mechanics and Mining Sciences, vol.
104, pp. 131-146.

[14]. A. V. Dyskin and L. N. Germanovich, (1993).
“Model of rockburst caused by cracks growing near free
surface,” in Rockbursts and Seismicity in Mines, A. A.
Balkema, Ed., pp. 169-175, Taylor & Francis,

[15]. T. Li, C. Ma, M. zZhu, L. Meng, and G. Chen,
“Geomechanical types and mechanical analyses of
rockbursts,” Engineering Geology, vol. 222, pp. 72-83,

2017. View  at  Publisher - View at  Google
Scholar -View at Scopus
[16]. F. Gong, Y. Luo, S. Xuefeng. (2017).

“Experimental modeling on rockburst in deep hard rock
circular tunnels,” Chinese Journal of Rock Mechanics
and Engineering, vol. 36, no. 7, pp. 1634— 1848.

[17]. G. Su, Y. Shi, X. Feng, J. Jiang, J. Zhang, and Q.
Jiang. (2017). Truetriaxial experimental study of the
evolutionary features of the acoustic emissions and
sounds of rockburst processes.Rock Mechanics and
Rock Engineering, vol. 51, no. 2, pp. 375-389T

[18]. J. Zuo, C. Yan, Y. Sun (2017). Investigation on
whole failure nonlinear model for deep coal-rock
combined bodies,” Journal of Mining Science and
Technology, vol. 2, no. 1, pp. 17-24

[19]. X. Sun, Q. Han, M. Chengy. (2017). Modeling test
of deep buried tunnel in soft and broken rock based on
non-contact monitoring methods. Journal of Mining
Science and Technology, vol. 2, no. 3, pp. 235-242

[20]. zhidong, W., Liyun Li, Bingquan Liu, Chuang
Han, and Tianxiang Lan., Study of Simulation Test in
Inclusion Rockburst (2019). State Key Laboratory of
Coal Resources and Safe Mining, China University of
Mining and Technology (Beijing), Beijing 100083,
China. School of Mechanics and Civil Engineering,
China University of Mining and Technology (Beijing),
Beijing 100083, China Guodian United Power
Technology Company Limited, Beijing 100039, China.

[21]. Li, C., Ma, M., Zhu, L., Meng, G. and Chen.
(2017). Geomechanical types and mechanical analyses
of rockbursts. Engineering Geology, vol. 222, pp. 72—
83.

[22]. Xian-Ting, F., Jianpo Liu, Bingrui Chen. (2017).
Monitoring, warning and control of rock burst in deep
metal mines. Engineering Volume 3, Issue 4, Pages 538-
545

[23]. Feng X, Yu Y, Feng G, Xiao Y, Chen B. (2016).
Fractal behavior of micro-seimic energy associated with
immediate rock burst in deep, hard rock tunnels.
Tunneling and Underground Space Technology VVolume
51, Pages 98-107



https://doi.org/10.1016/j.tust.2018.08.029
https://doi.org/10.1155/2019/6192546.

Bacha et al./ Journal of Mining & Environment, Vol. 11, No. 1, 2020

[24]. Feng X, Yu Y, Xiao Y, Chen B.( 2015) A micro-
seismic method of dynamic warning of rock burst
development process in tunnels, Rock Mechanics and
Rock Engineering 48(5). DOI: 10.1007/s00603-014-
0689-3

[25]. Gogolewska A.B., Smolak D. (2019) Seismic
Hazard Prediction Using Passive Seismic Tomography
in Polkowice-Sieroszowice Copper Ore Mine, SW
Poland. In: Widzyk-Capehart E., Hekmat A., Singhal R.
(eds) Proceedings of the 27th International Symposium
on Mine Planning and Equipment Selection - MPES
2018. Springer, Cham

[26]. Didcot, UK., Zhou, H., Xu, R. and Lu, J. (2015).
Study on mechanisms and physical simulation
experiment of slab buckling rockburst in deep tunnel.
Chinese Journal of Rock Mechanics and Engineering,
vol. 34, no. 2, pp. 3658-3666

[27]. Xuejun, Zhu,. Xiaona, Jin., Dongdong, Jia.,
Naiwei Sun and Pu Wang.(2019). Application of Data
Mining in an Intelligent Early Warning System for Rock
Bursts. Processes 7,55; doi:10.3390/pr7020055

[28]. Wang, P., Jiang, L., Li, X., Qin, G. (2018). Wang,
E. Physical Simulation of Mining Effect Caused by A
Fault Tectonic. Arabian J. Geosci. 11. 741.

[29]. Wang, P., Jiang, L., Li, X., Zheng, P. and Qin, G.
(2018) Effects of strength weakening and interface
slipping on rock mass with different dip angle structure
planes. Acta Geodynam. Geomater 15: 329-338.

[30]. Jiang, J.Q., Wang, P., Jiang, L.S., Zheng, P.Q. and
Xu, B. (2018). Numerical simulation on mining effect
influenced by a normal fault and its induced effect on
rock burst. Geomech. Eng., 14, 337-344.

[31]. Dou L. M., Zonglong Mu., Zhenlei Li., Anye Cao.
and Gong, S. (2014). Research progress of monitoring,
forecasting, and prevention of rockburst in underground
coal mining in China. Int J Coal Sci Technol,1(3):278—
288. DOI 10.1007/s40789-014-0044-z

[32]. Dou L.M. and He X.Q. (2007) Technique of
classification forecasting rock burst in coal mines. J
China Univ Min Technol. 36 (6):717-722 (in Chinese).

[33]. Jiang He and Dou L. M. (2017) Rock burst
assessment and prediction by dynamic and static stress
analysis based on  micro-seismic  monitoring.
International Journal of Rock Mechanics and Mining
Sciences 93:46-53DOI: 10.1016/j.ijrmms.2017.01.005

[34]. Wang W.D., Zhao J. and Hu, J.W. (1996) Elastic
wave CT technique and its application. Coal Geol
Explor 24(5):59-63 (in Chinese)

[35]. Wang, S.W., Mao, D.B., Du, T., Chen, F.B. and
Feng, M.H. (2012a). Rockburst hazard evaluation model
based on seismic CT technology. J China Coal Soc. 37
(S1):1-6 (in Chinese).

[36]. Wang, E.Y., He, X.Q., Liu, X.F. and Xu, W.Q.
(2012). Comprehensive monitoring technique based on

43

electromagnetic radiation and its applications to mine
pressure. Saf Sci. 50 (4):885-89.

[37]. Du, T.T. (2010) Study on mechanism of rockburst
prevention by hard roof directional hydraulic fracture.
China University of Mining and Technology, Xuzhou
(in Chinese).

[38]. He, H., Dou, L.M., Fan, J., Du, T.T. and Sun, X.L.
(2012) Deep-hole directional fracturing of thick hard
roof for rockburst prevention. Tunn Undergr Space
Technol. 32:34-43

[39]. Wang, Y.H., Li, W.D., and Li, Q.G. (1998).
Method of fuzzy comprehensive evaluations for
rockburst prediction. Chinese Journal of Rock
Mechanics and Engineering. 15. 493-501.

[40]. Adoko, A.C., Gokceoglu, C., Wu, L. and Zuo, Q.J.
(2013). Knowledgebased and data-driven fuzzy
modeling for rockburst prediction. International Journal
of Rock Mechanics and Mining Sciences, 61, 86-95.
DOI: https://doi.org/10.1016/j.ijrmms.2013.02.010.

[41]. Wang, X. Z., Aamir, R. and Ai-Min, F. (2015).
Fuzziness based sample categorization for classifier
performance improvement. Journal of Intelligent &
Fuzzy Systems, 29, 1185-1196

[42]. Wang, J., Zeng, Y., Xu, Y. and Feng, K. (2017).
Analysis of the influence of tunnel portal section
construction on slope stability. Geology, Ecology, and
Landscapes, 1, 56-65.

[43]. Zhang, X.Z. (2005). Prediction of rock burst at
underground works based on artificial neural network.
Yangtze River, 36, 17-18.

[44]. Jian, Z., Xibing, L. and Xiuzhi, S. (2012). Long-
term prediction model of rockburst in underground
openings using heuristic algorithms and support vector
machines. Safety science, 50, 629-644.

[45]. He, Z., Li, X.H. and Lu, Y.Y. (2008). Application
of BP neural network to the prediction of rockburst in
Tongyu Tunning. Chinese Journal of Underground
Space and Engineering, 4, 494-498.

[46]. Yang, T. and Li, G.W.W. (2000). Study on
rockburst prediction method based on the prior
knowledge. Chinese Journal of Rock Mechanics and
Engineering. 19. 429-431.

[47]. Zhen, S. and Gao, W. (2017). Geological tourist
route planning of Henan province based on geological
relics zoning. Geology, Ecology, and Landscapes. 1, 66-
69.

[48]. Zhang, X.Z. (2005). Prediction of rock burst at
underground works based on artificial neural network.
Yangtze River. 36, 17-18.

[49]. Zhang, Z.Y., Song, J.B. and Li, P.F. "Rock burst
comprehensive forecasting method for the chamber
group of underground power house", Advance in Earth
Sciences. 19 (2004): 451-456.



https://doi.org/10.1016/j.ijrmms.2013.02.010.

Bacha et al./ Journal of Mining & Environment, Vol. 11, No. 1, 2020

[50]. Yu, Zh. and Tingling, W. (2017). PNN-based Rock
burst Prediction Model and Its Applications. Earth Sci.
Res. J. Vol. 21, No. 3, 141 - 146

[51]. Specht, D.F. (1990). Probabilistic neural networks.
Neural networks, 3, 109-118

Tang, B.Y. (2000). Rockburst Control using Distress
Blasting. Ph.D. Dissertation. McGill University.

[52]. Adeli, H. and Panakkat, A. (2009). A probabilistic
neural network for earthquake magnitude prediction,
Neural Network, 22, 1018-1024.

[53]. Song, T., Jamshidi, M.M., Lee, R.R. and Huang,
M. (2007). A modified probabilistic neural network for
partial volume segmentation in brain MR image. IEEE
Transactions on Neural Networks. 18.1424-1432.

[54]. Ataa, S., Hazmi, L.R. and Samsudin, S.F. (2017).
Insect’s visitation on melastoma malabathricum in
UKM Bangi forest reserve. Environment Ecosystem
Science. 1. 20-22.

[55]. Rutkowski, L. (2004). "Adaptive probabilistic
neural networks for pattern classification in time-
varying environment". IEEE Trans Neural Netw. 15:
811-827.

[56]. Linming, Dou., Wu, Ca., Anye, Ca. and Wenhao,
Gu. (2018). Comprehensive early warning of rock burst
utilizing  microseismic ~ multi-parameter  indices.
International Journal of Mining Science and Technology
Volume 28, Issue 5, Pages. 767-774

[57]. Tang, B.Y. (2000). Rockburst Control using
Distress Blasting. Ph.D. Dissertation. McGill University

[58]. Hoek, E. and Brown, E.T. (1997). Practical
estimates of rock mass strength, International Journal of
Rock Mechanics and Mining Sciences, 34, 1165-1186.

[59]. Tao, Z.Y. (1988). Support design of tunnels
subjected to rockbursting. In: Romana (Ed.), ISRM
International Symposium, Rock Mechanics and Power
Plants, 407-411.

[60]. Turchaninov, L.A., Markov, G.A., Gzovsky, M.V.,
Kazikayev, D.M., Frenze, U.K., Batugin, S.A. and
Chabdarova, U.1. (1972). State of stress in the upper part
of the Earth’s crust based on direct measurements in
mines and on tectonophysical and seismological studies.
Physics of the Earth and Planetary Interiors, 6, 229-234.
DOI: https://doi.org/10.1016/0031-9201(72)90005-2

[61]. Li, D.Q. and Wang, L.G. (2009). Theory and
technology of the large-scale mining in hard-rock and
deep mine-A case study of Dongguashan copper mine.
Beijing: Metallurgical Industry Press

[62]. Kidybinski, A. (1981). Bursting liability indices of
coal. Journal of Rock Mechanics and Mining Sciences,
18, 295-304.

[63]. S. Paul Singh, Sharma, A. and Liang Wei. (2008).
Laurentian University Sudbury, Ontario, Canada.

44

Alleviation of Rock Bursts by Identifying Burst-Prone
Mine Workings

[64]. Wattimena, R.K., Sirait, B., Widodo, N.P., and
Matsui, K. (2012). Evaluation of rockburst potential in
a cut-and-fill mine using energy balance. International
Journal of the Japanese Committee for Rock Mechanics,
8(1): 19-23

[65]. Hoek, E. and Marinos, P.G. (2010). Tunnelling in
overstressed rock. In Proceedings of the Regional
Symposium of the International Society for Rock
Mechanics, EUROCK 2009: Rock Engineering in
Difficult Ground Conditions — Soft Rocks and Karst,
Dubrovnik, Cavtat, 29-31 October 2009. Taylor &
Francis Group, London. pp. 49-60

[66]. Stas, L., Knejzlik, J., Palla, L., Soucek, K. and
Waclawik, P. (2011). Measurement of stress changes
using a compact conical-ended borehole monitoring.
Geotechnical Testing Journal. 34 (6): 685-693.
doi:10.1520/GTJ102794

[67]. Cook, N.G.W., Hoek, E., Pretorius, J.P.G.,
Ortlepp, W.D. and Salamon, M.D.G. (1966). Rock
mechanics applied to the study of rockbursts. Journal of
the South African Institute of Mining and Metallurgy.
66: 435-528

[68]. Linkov, A.M. (1996). Rockbursts and the
instability of rock masses. International Journal of Rock
Mechanics and Mining Sciences and Geomechanics
Abstracts. 33 (7): 727-732. d0i:10.1016/0148-
9062(96)00021-6.

[69]. Zhang, C., Feng, X., Zhou, H., Qiu, S. and Wu, W.
(2012). A top pilot tunnel preconditioning method for
the prevention of extremely intense rockbursts in deep
tunnels excavated by TBMs. Rock Mechanics and Rock
Engineering. 45 (3): 289-309. doi:10.1007/s00603-011-
0199-5.

[70]. Kidybinski, A. (1981). Bursting liability indices of
coal. International Journal of Rock Mechanics and
Mining Sciences & Geomechanics Abstracts. 18 (4):
295-304. doi: 10.1016/0148-9062(81)91194-3

[71]. Kwas niewski, M., Szutkowski, I. and Wang, J.A.
(1994). Study of ability of coal from seam 510 for
storing elastic energy in the aspect of assessment of
hazard in Porabka-Klimontow Colliery. Sci. Rept.
Silesian Technical University, Gliwice.

[72]. Wang, J.A. and Park, H.D. (2001). Comprehensive
prediction of rockburst based on analysis of strain
energy in rocks. Tunnelling and Underground Space
Technology. 16 (1): 49-57. do0i:10.1016/S0886-
7798(01)00030-X

[73]. Mitri, H.S., Tang, B. and Simon, R. (1999). FE
modelling of mining-induced energy release and storage
rates. The South African Institute of Mining and
Metallurgy. 99 (2): 103-110.

[74]. Salamon, M.G.D. (1984). Energy considerations in
rock mechanics: fundamental results. Journal of the


https://doi.org/10.1016/0031-9201(72)90005-2

Bacha et al./ Journal of Mining & Environment, Vol. 11, No. 1, 2020

South African Institute of Mining and Metallurgy. 84
(8): 233-246.

[75]. Kaiser, P.K. and Cai, M. (2012). Design of rock
support system under rockburst condition. Journal of
Rock Mechanics and Geotechnical Engineering,
2012(3): 215-227. doi:10.3724/SP.J.1235.2012.00215.

[76]. Mitri, H.S. (2000). Practitioner’s guide to destress
blasting in hard rock mines. Technical report. McGill
University, Montréal, Que.

[77]. Mazaira, A. and Konicek. P. (2015). Intense
rockburst impacts in deep underground construction and
their prevention.

[78]. Russenes, B.F. (1974), Analysis of rock spalling
for tunnels in steep valley sides. M.Sc. thesis,
Norwegian Institute of Technology, Trondheim,
Department of Geology, 247p. (in Norwegian).

[79]. Tan, Y.A. (1992). Rockbursting characteristics and
structural effects of rock mass. Sci. Chin. (Ser. B) 35 (8),
981-990.

[80]. Brauner, G. (1994). Rockburst in Coal Mines and
Their Prevention. A.A. Balkema, Netherlands.

[81]. Kaiser, P.K., Tannant, D.D. and McCreath, D.R.
(1996). Canadian Rockburst Support Handbook.
Geomechanics Research Centre, Laurentian University,
Sudbury, Ontario, pp. 314.

[82]. Chen, B.R., Feng, X.T., Li, Q.P., Luo, R.Z. and Li,
S.J. (2013a). Rock burst intensity classification based on
the radiated energy with damage intensity at Jinping Il
hydropower station, China. Rock Mech. Rock Eng. 48
(1), 289-303.

[83] Chen, H.J., Li, X.B. and Zhang, Y. (2008). Study
on application of set pair analysis method to prediction
of rockburst. J. Univ. South Chin. (Science and
Technology). 22 (4): 10-14.

[84]. Turchaninov, L.A., Markov, G.A., Gzovsky, M.V.,
Kazikayev, D.M., Frenze, U.K., Batugin, S.A. and
Chabdarova, U.1. (1972). State of stress in the upper part
of the Earth’s crust based on direct measurements in
mines and on tectonophysical and seismological studies.
Phys. Earth Planet. Inter. 6. 229-234

[85]. Neyman, B., Szecowka, Z. and Zuberek, W.
(1972). Effective methods for fighting rock burst in
Polish collieries. In: Proc. 5th Int. Strata Control Conf.
23, pp. 1-9.

[86]. [81] Hucka, V. and Das, B. (1974). Brittleness
determination of rocks by different methods. Int. J.Rock
Mech. Min. Sci. Geomech. Abstr. 11 (10), 389-392.

[87] Barton, N., Lien, R. and Lunde, J. (1974).
Engineering classification of rock masses for the design
of tunnel support. Rock Mech. Rock Eng. 6 (4): 189—
236.

[88]. Russenes, B.F. (1974), Analysis of rock spalling
for tunnels in steep valley sides. M.Sc. thesis,

45

Norwegian Institute of Technology, Trondheim,
Department of Geology, 247p. (in Norwegian).

[89]. Hoek, E. and Brown, E.T. (1980). Underground
Excavation in Rock. The Institute of Mining and
Metallurgy, London, pp. 527p.

[90]. Ryder, J.A. (1988). Excess shear stress in the
assessment of geologically hazardous situations. JS Afr.
Inst. Min. Metall. 88 (1): 27-39.

[91]. Cook, N.G.W., Hoek, E., Pretorius, J.P.G.,
Ortlepp, W.D. and Salamon, M.D.G. (1966). Rock
mechanics applied to the study of rockbursts. JS Afr.
Inst. Min. Metall. 66 (3): 435-528.

[92]. Tao, Z.Y. (1988). Support design of tunnels
subjected to rockbursting. In: Romana (ed.), Rock
Mechanics and Power Plants, pp. 407-411.

[93]. Hou, F.L. (1989). Criterion and Prevention
Measures on Rockburst in Circular Tunnel. Application
on Rock Mechanics Engineering. Knowledge Press,
Beijing. pp. 195-201

[94]. Hou, F.L., Liu, X.M. and Wang, M.Q., (1992).
Discussion on rockburst origin and degree. In:
Proceedings of the 3rd Academic Conference on
National Rock Dynamics. Technical University of
Surveying and Mapping Press, Wuhan, pp. 448-457.

[95]. Singh, S.P. (1988). Burst energy release index.
Rock Mech. Rock Eng. Rock mass classification: A
practical approach in civil engineering. Elsevier
Publisher, Amsterdam, pp. 48-50.

[96]. Li, Y.H. (1990). Discussion of the rockburst
problems. Sichuan Hydraulic Power .3. 24-29

[97]. Tan, Y.A. Sun, G.Z. and Guo, Z. (1991). A
composite index Krb criterion for the ejection
characteristics of the burst rock. Sci. Geol. Sin. 2. 193—
200.

[98]. Xiao, W.Q. (1991). Unsteady crack propagation
analysis of rock and establishment of rock burst
criterion. Master Thesis. Wuhan University, Wuhan, pp.
53-68.

[99]. GB50218-94. (1995). Standard for engineering
classification of rock masses, 27p.

[100]. Aubertin, M., Gill, D.E. and Simon, R. (1994).
On the use of the brittleness index modified (BIM) to
estimate the post-peak behavior or rocks. In: Proc. First
North American Rock Mech. Symposium, Balkema, pp.
945-952.

[101]. Mitri, H.S. (1996). Numerical modelling of
mining-induced energy to rock burst problems. In: Mitri
et al. (Eds.), Workshop Notes of 2nd North American
Rock Mechanics Symposium 1996. Montreal.

[102]. Palmstrém, A. (1995). Characterizing rock burst
and squeezing by the rock mass index. In: Int. Conf. on
Design and Construction of Underground Structures;
New Delhi, India, 10p.



Bacha et al./ Journal of Mining & Environment, Vol. 11, No. 1, 2020

[103]. Peng, Z., Wang, Y.H., Li, T.J. (1996). Griffith
theory and rock burst of criterion. Chin. J.Rock Mech.
Eng. 15 (Suppl.), 491-495.

[104]. Wu, Y.K. and Zhang, B.W. (1997). Prevention of
rockbursts in coal mines in China. In: Gibowicz,
Lasocki (Eds.), Rockbursts and Seismicity in Mines.
Balkema, Rotterdam, pp. 361-366.

[104]. Simon, R. (1999). Analysis of fault-slip
mechanisms in hard rock mining. Ph.D thesis. McGill
University, Montreal, Canada.

[105]. Wang, X.M., Dong, L.J. and Fu, Y.H. (2009).
Prediction of possibility and the level of rockburst based
on uncertain average graded analysis method. Sci.
Technol. Rev. 27 (0918), 78-81.

[106]. Yeryomenko, A.A., Gaidin, A.P., Vaganova,
V.A. and Yeryomenko, V.A. (1999). Rockburst hazard
criterion of rock mass. J. Min. Sci. 35 (6): 598-601.

[107]. Feng, T., Xie, X.B., Wang, W.X. (2000).
Brittleness of rocks and brittleness indexes for
describing rockburst proneness. Min. Metall. Eng. 20
(4): 18-19.

[108]. Tang, B.Y. (2000). Rock burst control using
distress blasting (Ph.D. thesis). McGill University,
Montreal, Canada.

[109]. Wang, J.A. and Park, H.D. (2001).
Comprehensive prediction of rockburst based on
analysis ofstrain energy in rocks. Tunn. Undergr. Space
Technol. 16 (1): 49-57.

[110]. Pan, Y.S. and Li, Z.H. (2002). Analysis of mine
rock structures stability. In: National Conference on
Solid Mechanics. Dalian University of Technology
Press, Dalian, pp. 11.

[111]. Tang, L.Z., Wang and W.X. (2002). New rock
burst proneness index. Chin. J. Rock Mech. Eng. 21 (6),
874-878.

[112]. Zhang, G., Chen, J.X. and Hu, B. (2003).
Prediction and control of rockburst during deep
excavation of a gold mine in China. Chin. J. Rock Mech.
Eng. 22 (10): 1607-1612

[113]. Heal, D., Potvin, Y. and Hudyma, M. (2006).
Evaluating rockburst damage potential in underground
mining. In: Yale, D.P. et al. (Eds.), Proceedings of 41st
U.S. Symposium on Rock Mechanics (USRMS). USA,
Curran Associates, Colorado School of Mines, pp. 322—
329.

[114]. Bukowska, M. (2006). The probability of
rockburst occurrence in the upper Silesian coal basin
area dependent on natural mining conditions. J. Min.
Sci. 42 (6): 570-577.

[115]. Ge, Q.F., Feng, X.T. (2008). Classification and
prediction of rockburst using AdaBoost combination
learning method. Rock Soil Mech. 29 (4): 943-948.

46

[116]. National Standards Compilation Group of
People’s Republic of China. (2008). GB50487- 2008
Code for engineering geological investigation of water
resources and hydropower. China Planning Press,
Beijing.

[117]. Mitri, H.S. (2007). Assessment of horizontal
pillar burst in deep hard rock mines. Int. J. Risk Assess.
Manage. 7 (5): 695-707.

[118]. Li, T.B., Xiao, X.P., Shi, Y.C. (2008).
Comprehensively integrated methods of rockburst
prediction in underground engineering. Adv. Earth Sci.
23 (5): 533-540.

[119]. Chen, P.Y. (2016). A statistics-based projection
pursuit model for prediction of rock burst grades.
Electron. J. Geotech. Eng. 21 (1): 129-137.

[120]. Zhou, J., Shi, X.Z., Dong, L., Hu, H.Y. and Wang,
H.Y. (2010). Fisher discriminant analysis model and its
application for prediction of classification of rockburst
in deep buried long tunnel. J. Coal Sci. Eng. (China) 16
(2), 144-149.

[121]. Hosseini, Z., Beruar, O., Sampson-Forsythe, A.
and Yao, M. (2010). Mining strategies of multisill
pillars in burst prone ground conditions at Vale Inco’s
coleman mine. In: 44th U.S. Rock Mechanics
Symposium and 5th U.S.-Canada Rock Mechanics
Symposium, June 27-30, Salt Lake City, Utah, 8p.

[122]. Qiu, S.L., Feng, X.T., Zhang, C.Q. and Wu, W.P.
(2011). Development and validation of rockburst
vulnerability index (RVI) in deep hard rock tunnels.
Chin. J. Rock Mech. Eng. 30 (6): 1126-1141.

[123]. Qiu, S.L., Feng, X.T., Zhang, C.Q. and Wu, W.P.
(2011). Development and validation of rockburst
vulnerability index (RVI) in deep hard rock tunnels.
Chin. J. Rock Mech. Eng. 30 (6): 1126-1141.

[124]. Tarasov, B.G. and Randolph, M.F. (2011). Super
brittleness of rocks and earthquake activity. Int. J. Rock
Mech. Min. Sci. 48, 888—898.

[125]. Castro, L.A.M., Bewick, R.P. and Carter, T.G.
(2012). In: An Overview of Numerical Modelling
Applied to Deep Mining. Innovative Numerical
Modelling in Geomechanics. CRC Press, pp. 393-414.

[126]. Shang, Y.J., Zhang, JJ. and Fu, B.J. (2013).
Analyses of three parameters for strain mode rockburst
and expression of rockburst potential. Chin. J. Rock
Mech. Eng. 32 (8), 1520-1527.

[127]. Zhang, G.C., Gao, Q., Du, J.Q. and Li, K.K.
(2013). Rockburst criterion based on artificial neural
networks and nonlinear regression. J. Central South
Univ. (Science and Technology). 44 (7): 2977-2981.

[128]. He, M., e Sousa, L.R., Miranda, T. and Zhu, G.
(2015). Rockburst laboratory tests database—
application of data mining techniques. Eng. Geol. 185,
116-130.



Bacha et al./ Journal of Mining & Environment, Vol. 11, No. 1, 2020

[129]. Yin, Z.Q., Li, X.B. and Dong, L.J. (2014). Rock [132]. Zhao, G., Wang, D., Gao, B. and Wang, S.
burst characteristics and proneness index under coupled (2017). Modifying rock burst criteria based on
static and dynamic loads. J. Cent. South Univ. (Sci. observations in a division tunnel. Eng. Geol. 216, 153—
Technol.). 45 (9): 3249-3256. 160.

[130]. Mutke, G., Dubinski, J. and Lurka, A. (2015). [133]. zhou, J., Li, X.B. and Mitri, H.S. (2017). A
New criteria to assess seismic and rock burst hazard in critical survey of empirical methods for evaluating
coal mines. Arch. Min. Sci. 60 (3): 743-760. rockburst potential. In: 15th IACMAG, 19-23, Wuhan,

China.

[131]. Zhang, C.Q., Yu, J., Chen, J., Lu, J.J. and Zhou,
H. (2016). Evaluation method for potential rockburst in
underground engineering. Rock Soil Mech. 37 (S1):
341-349.

47



1398 o (sl 0 )los quad;l 0,90 ey jlamo g yhro (gl = sode 4 i /] (San g L

S loxiil 1 LU Jlodo| Gl g J 508 o ot G gl (2o GCS piy 2 (55950
el a5 05ler s g0 IV Mzl 50

o B Grge o Siler 19395 (SIS 9 (re LRI (e (cwiige suSiils 1
Ol oy baw ol ¢ bz ols LSl (55 gLd oIS (g 33 ko g (uwr digen 00N .2

2019112125 3 3, 201911/6 L)

engr_shahswati@yah00.com :=lslse st odim g #

TR

Yol i o ians 15 s 65 5 e 3 a5 Sl 5 (5S> e o s S, K
§ b s S8 el e b 5 st Slellan | 5l 405 352 53 G S5 Sl 4 Lo Bl > ol b e s S
g iy Kol sty s e bl i | 55,5 S s o 3 ool ldae s 5y 5] ool 5 Sl
5 Jdly 5 (S8 Sloladl (Si il iy (S ol gl Jatis 3)00 p0 28 Cdpty adlllae l o el (558 5ol o] sl p3Y

el ot o318 8 )] USS g St ol iy s e (sl s, comizmed < 00 il S Jonii] Lawgs

] ey i S el oy 5 B (Kt el 1 S SlodS



mailto:engr_shahswati@yahoo.com

