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Abstract

A remotely triggered rockburst is a typical engineering geology disaster that occurs during the excavation of hard rock at depth.
Damage in the rock mass naturally exists and will also be induced by the construction of underground excavation. These
damages, in turn, influence the occurrence and intensity of a rockburst. However, this problem, which draws significant public
attention, remains unsolved. In the present study, the effect of the initial damage on a triggered rockburst of granite is investigated.
Rectangular prismatic rock specimens with different initial damage D (0, 0.2, 0.3, 0.4, 0.6, and 0.7) are prepared by using heat-
treatment (25, 200, 300, 400, 500, and 600, respectively). The initial damage is determined by the ratio of the P wave velocity of
the specimen heat-treated at a specific temperature to that without heat-treatment. Then, remotely triggered rockburst simulations
are conducted on the specimens with coupled static-dynamic loads exerted using an improved true-triaxial testing machine. The
failure mode, deformation characteristics, fracture features, and kinetic energy of the ejected fragment of the tested specimen are
systematically investigated. The experimental results indicate that for a given initial damage, a threshold of static stress exists, and
beyond this threshold, a dynamic disturbance can trigger a rockburst. Additionally, it is found that a dynamic disturbance can
much more easily induce a triggered rockburst as the level of initial damage increases. However, the kinetic energy of ejected
fragments increases to a peak and then decreases as the initial damage increases. The maximum kinetic energy appears at an
initial damage D = 0.3. Therefore, another interesting finding is a specific initial damage can induce the most violent triggered
rockburst.
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Introduction

Rockburst is a violent dynamic rock failure that is frequently
encountered during underground excavation (Fan et al. 2016;
He et al. 2015; Huang et al. 2018; Su et al. 2017c; Xu et al.
2016; Zhao and Cai 2014). As characterized by the ejection of
rock fragments, this rock failure is a destructive engineering
geological disaster that can kill workers, destroy equipment,
and damage mining and tunnel construction (Akdag et al.
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2018; Cai 2013; Chen et al. 2014; Fakhimi et al. 2016; Li
et al. 2012; Zhang et al. 2012). With underground excavation
migrating deep underground, rockburst becomes an increas-
ingly important issue in the fields of mining, tunneling, and
underground excavations. Considerable research efforts have
been devoted to investigating rockbursts, and many studies
exist in terms of mechanism revelation (Feng et al. 2015;
Huang et al. 2018; Manouchehrian and Cai 2018; Qiu et al.
2014; Sun et al. 2017; Zhou et al. 2015), occurrence process
description (Feng et al. 2017; Feng et al. 2016; Gong et al.
2019a; He et al. 2015; Hu et al. 2019; Jiang et al. 2010; Li
etal. 2012; Zhu et al. 2010), classification (Gong et al. 2019c;
He etal. 2012; Hedley 1992; Kaiser 1996; Ortlepp and Stacey
1994), prediction (Gong et al. 2019b; Pu et al. 2019; Xu et al.
2016), and prevention (Cai 2013; Kaiser and Cai 2012; Simser
etal. 2002). However, the current recognition technique is not
sufficient to prevent a rockburst entirely, because, most impor-
tantly, a rockburst is an extremely complicated phenomenon
influenced by many factors. Additional studies including field
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investigations, laboratory experiments, and numerical simula-
tions on rockbursts are urgently needed.

According to the triggering mechanism, rockbursts can be
generally classified as either self-initiated rockbursts or trig-
gered rockbursts (Kaiser 1996). A self-initiated rockburst is
always encountered in the surroudning rocks near the exca-
vated boundary and caused by the gradual increase of the
tangential stress due to the stress redistribution
(concentration) after excavation. A triggered rockburst occurs
in a highly stressed rock masses disturbed by dynamic loading
including blasting and drilling, an adjacent rockburst, or seis-
mic activity (Huang and Wang 1999; Zhu et al. 2010). A
remotely triggered rockburst usually lags the excavation in
terms of time and space. For instance, as shown in Fig. 1,
during the construction of the #2 diversional tunnel of the
Jinping IT Hydropower Station, a triggered rockburst, which
was approximately 180 m away from the tunnel face, was
induced by remote blasting at the tunnel face (Feng et al.
2013). Unfortunately, a remotely triggered rockburst cannot
be accurately predicted, and forecasting the timing of the oc-
currence is still especially difficult. Due to its dangerous and
unpredictable nature, remotely triggered rockbursts seriously
threaten engineers and construction equipment during under-
ground excavation. Therefore, a good understanding of re-
motely triggered rockbursts is vital to the design and construc-
tion of the excavation of hard rock at depth. Existing studies
provide meaningful insight into the characteristics and mech-
anism of self-initiated rockbursts based on indoor rock me-
chanics tests, while experimental investigations into remotely
triggered rockbursts are still limited.

In the past few years, significant progress has been made in
characterizing rockbursts. As early as the 1960s, the uniaxial
compressive test was performed to study the energy charac-
teristics of rock masses subjected to rockbursts (Cook 1963;
Fakhimi et al. 2016; Jiang et al. 2015; Nemat-Nasser and Horii
1982; Qiu et al. 2014; Wang and Park 2001). Subsequently,
biaxial (Zhang et al. 2017) and conventional triaxial tests (Cho
et al. 2005; Hofer and Thoma 1968; Hua and You 2001;
Huang et al. 2001) were conducted to describe a rockburst.
In recent years, a testing method, called the one-free face true-

triaxial rockburst test, has been developed and widely used to
study the rockburst ejection process, which significantly pro-
motes the investigation of the rockburst mechanism (He et al.
2010; He et al. 2007; Su et al. 2017¢; Su et al. 2017d; Zhao
and Cai 2014; Zhao et al. 2014). The focus of the tests men-
tioned above is the self-initiated rockburst caused by static
stress without dynamic load. However, in rock engineering
practice, rocks are always subjected to a hybrid static and
dynamic loading and behave differently compared with solely
static or dynamic stresses (Wu et al. 2016). Dynamic loading
is sometimes a controlling factor that can trigger or induce
rock failure during underground excavation, especially for
high-initial geo-stressed conditions. Thus, it is desirable to
understand a triggered rockburst that occurs in statically
stressed rocks subjected to a dynamic disturbance. However,
existing studies related to triggered rockbursts primarily focus
on the influence of the geo-stress condition, especially the
contribution of the dynamic disturbance, on the triggered
rockburst characteristics (He et al. 2012; Su et al. 2017b; Su
et al. 2018; Zhu et al. 2010). In addition to the geo-stress
condition, the rock lithology (Li et al. 2015) and anisotropy
(Dai and Xia 2010; Manouchehrian and Cai 2017; Xia et al.
2008) also affect the rock failure during underground excava-
tion. Hence, further study should be implemented to charac-
terize a triggered rockburst and its influencing factors. In the
present study, an investigation of the influence of initial dam-
age on a remotely triggered rockburst, which is seldom in-
volved, is conducted.

Generally, all rock masses, including natural rock masses
and engineering rock masses, have varying degrees of dam-
age. Rock damage is the degradation of the macromechanical
properties caused by initiation, propagation, and coalescence
of microdefects. For rock masses in which an underground
excavation is constructed, the rock damages are induced by
changes in the stress state and boundary condition. Before
excavation, the burial history, such as tectonic loading, has
already resulted in rock damage in the form of existing
microdefects. In addition, under a high-ground stress condi-
tion, loosening blasting, and pressure relief holes, which are
usually applied to a stressed rock mass to partially release the

Fig. 1 Rockburst triggered by
blasting at a remote tunnel face
during the excavation of the .
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stress, also result in rock damage (Feng et al. 2013). During
excavation, creating an opening continually degrades the rock
masses. After excavation, the increasing tangential stress and
applied dynamic disturbance inevitably cause further damage
to form in the rock masses. Previous studies indicate that rock
damage significantly affects the mechanical behavior of rocks
(Board and Fairhurst 1983; Brady and Brown 2013). For in-
stance, rocks with more damage can be more easily crushed
(Doan and D’Hour 2012), and damage decreases the strength
and elastic modulus of a stressed rock (Mao et al. 2015; Peng
et al. 2016a). For underground engineering projects, we pri-
marily focus on rock mechanical behavior after excavation.
Therefore, the rock damage that formed before and during
excavation, which is called initial damage in this paper, should
be fully considered. Initial damage will affect the triggered
rockburst caused by a subsequent stress concentration or dy-
namic disturbance after excavation. Hence, gaining a good
understanding of the triggered rockburst occurring in the dam-
aged rock mass is significant for underground excavation.
However, the materials used for rockburst investigations in
existing studies are usually intact rocks. An experimental
study on rockbursts in a damaged rock has not been system-
atically conducted.

In the present study, granite specimens heat-treated at tem-
peratures of 200 °C, 300 °C, 400 °C, 500 °C, and 600 °C were
used to investigate the effect of initial damage on remotely
triggered rockburst. A true-triaxial rockburst testing machine
was used to apply coupled static and dynamic stresses on
prismatic rectangular specimens to simulate remotely trig-
gered rockburst. In the following sections, the detailed prepa-
ration process of the specimen, the true-triaxial rockburst test-
ing machine used, and the loading path are introduced.
Subsequently, the testing results are presented. Meanwhile,
the rockburst process, failure form, fragments, and kinetic
energy of the ejected fragments under different initial damage
conditions were systematically analyzed. Finally, the main
conclusions are drawn.

Specimen preparation and testing
methodology

Specimen preparation

The used rock material is coarse-grained granite obtained
from Cenxi in the southeast region of Guangxi Zhuang
Autonomous Region, China. To obtain the desired specimens,
rock blocks with dimensions of 101 mm x 101 mm x 201 mm
were cut from a large rock block. Then, these rock blocks were
sliced into specimens with dimensions of 100 mm (width) x

100 mm (length) x 200 mm (height). To investigate some fun-
damental mechanical properties, measurements including uni-
axial compressive test, ultrasonic testing, and weighing were

conducted. The results indicate that the corresponding uniax-
ial compressive strength is 123 MPa, the P wave velocity of
these specimens is approximately 5.3 km/s at a normal tem-
perature, and the density is 2607 kg/m>. In addition, to facil-
itate observations of rock failure during the test, one surface of
the specimens is divided into several subregions marked with
different letters.

The object of this paper is to study the influence of initial
damage on triggered rockburst. Heat-treatment to specimens
was conducted to produce initial damage to the specimens. By
using this method, damage can be evenly produced within a
rock specimen, thereby avoiding concentrated damage or
macrocracks forming in rock specimens leading to that the
obtained specimen will have low strength and is unsuitable
for triggered rockburst simulation. This method has been used
in many other studies that involve investigations of tempera-
ture or damage on mechanical properties of a rock mass (Chen
et al. 2017b; Liu and Xu 2015; Nasseri et al. 2007; Peng et al.
2016b; Yang etal. 2017; Yin et al. 2012; Zhao et al. 2018; Zuo
et al. 2017). The heating process can be described as follows.
Twenty-one specimens are first divided into 7 groups. Then,
these specimens are heated to a temperature of 25 (without
heating), 200, 300, 400, 500, or 600 °C. Specimens heated to
700 °C will be severely damaged and are not suitable for a
rockburst simulation. Consequently, specimens heated to
600 °C or less are used in the present study. In addition, to
ensure uniform damage, the specimens were evenly heated
with a stepwise heating method at an increasing rate of
2 °C/min, which should be sufficiently slow to avoid thermal
shock. After the temperature increased to the prescribed value
for an hour, the heated specimens were spontaneously cooled
to room temperature. Rapid thermal cooling, which can also
significantly damage the rock specimen by inducing consid-
erable fractures, should be avoided.

To examine the effect of thermal treatment on the micro-
structure of the specimen, a scanning microscope (SEM) was
used to reveal the microscopic features of the rock specimens
treated with various temperatures. The SEM images of the
rock specimen with an amplification factor of 2000 for differ-
ent initial damage conditions are presented in Fig. 2. It can be
seen that as the temperature increases, the flatness of the sur-
face of the tested specimen decreases. When the temperature
is below 300 °C, the surface of the tested specimen is still flat
and no newly formed fractures can be observed. For temper-
atures above 300 °C, the surfaces are out-of-plane and ther-
mally induced microcracks are obvious. This description is
similar to the results obtained with optical measurements for
westerly granite (Nasseri et al. 2007; Yin et al. 2012).

For convenience, the P wave velocity is always used to
evaluate the damage of rocks (Liu and Xu 2015; You et al.
2008; Zhang et al. 2011) even though only a statistical rela-
tion, instead of a mechanical relation, exists between the P
wave velocity and the strength and elastic modulus of rocks
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Fig. 2 SEM photos of the sections of the specimen with different initial
damages. a D = 0 without heat-treated, b D = 0.2 with a heat-treated tem-
perature of 200 °C, ¢ D = 0.3 with a heat-treated temperature of 300 °C, d

(Jin et al. 2018). In the present study, first the ultrasonic P
wave velocity of the tested specimens is measured using a
supersonic reflectoscope and listed in Table 1. Then, the initial
damage D of the heat-treated specimens can be calculated
using the following formula (Liu and Xu 2015):

12

where v is the longitudinal wave velocity of the specimens
after heat-treatment, and v, is the longitudinal wave velocity
of the tested specimens without heat-treatment. The initial
damages of the specimens treated with different temperatures
are listed in Table 1. For the specimen without heat-treatment,
D is assumed to be 0. As the heating temperature increases, the
initial damage D increases, which is consistent with the SEM
observation.

Testing equipment

The object of the present study is to investigate remotely trig-
gered rockburst. An apparatus for applying coupled static-
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D = 0.4 with a heat-treated temperature of 400 °C, e D = 0.6 with a heat-
treated temperature of 500 °C, f D = 0.7 with a heat-treated temperature of
600 °C

dynamic loading is needed. As shown in Fig. 3, a rigid true-
triaxial rockburst testing machine is used. It can load or unload
along three mutually independent directions with an output
force of 5000 kN along the vertical direction and 3000 kN
along the horizontal direction. In addition, this machine can
also apply a dynamic disturbance on a tested specimen along
the vertical direction and a horizontal direction with a distur-
bance rod, as shown in Fig. 4. A dynamic disturbance with a
maximum amplitude of 500 kN and maximum frequency of

Table 1 Initial damage of the specimens heat-treated at different

temperatures

Temperature 7 (°C) Velocity of longitudinal Initial damage D
wave v (km/s)

25 5.2 0

200 4.7 0.18

300 44 0.28

400 4.0 041

500 33 0.60

600 2.8 0.71
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Fig. 3 Testing equipment

High speed
camera #2

50 Hz can be achieved. The dynamic disturbance can be in the
shape of a sine, triangular, or square waveform. Furthermore,
a linear variable differential transducer (LVDT), a high-speed
camera system, a digital camera, and an acoustic emission
(AE) system were utilized to monitor the rock failure during
the testing process.

Loading path

The deformation behavior and failure of rock mass is closely
related to the stress and boundary condition. Hence, when
investigating a triggered rockburst, the stress state and bound-
ary condition of the related rocks before the triggered
rockburst should be determined. As shown in Fig. 5, a stress
concentration always occurs in the rocks after excavation, i.e.,
the tangential stress oy (corresponding to the maximum prin-
cipal stress ;) of the rock mass near an excavated boundary
continually rises, which leads to an accumulation of elastic

Fig. 4 Schematic drawing of the p—

dynamic loading device. a S
Disturbance device, b Tested "‘
specimen under dynamic and
static loading

e ey e L i A T

= il
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y a ﬁ True-triaxial rockburst |

test machine
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camera #1

| Video
recorder

strain energy. Before the tangential stress increases to its peak
value, the stressed rocks are vulnerable to a dynamic distur-
bance P(f). When encountering an external dynamic distur-
bance (Fig. 6) caused by blasting and drilling, an adjacent
rockburst, or seismic activity, a dynamic rock failure accom-
panied by ejection of rock fragments may occur. This type of
rock failure is generally called triggered rockburst. A triggered
rockburst can be produced in the laboratory if the loading path
is reasonably represented.

In previous literature, the rock masses near the excavated
boundary are supposed to be in a uniaxial or biaxial stress
state. The failure of these rock masses is usually investigated
by conducting uniaxial or biaxial tests. In those situations, the
radial stresses are ignored. However, under a highly stressed
ground condition, the radial stresses of the rock masses near
the excavated boundary exhibit a gradient variation with the
increases of the distance away from the excavated boundary.
On the excavated boundary, the radial stress vanishes, while

_——— -

The disturbance

rod Ox(0,) P(t)

Free face
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Fig. 5 Stress state of a typical
rock element near the free

boundary after excavation (Su
etal. 2017b)
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the radial stresses swiftly grow as the distance of the rock
element from the excavated boundary increases. This radial
stress gradient will result in a different rock mechanical re-
sponse based on the influence of the confining pressure on the
rock failure, as shown in previous literature (Brady and Brown
2013; Haimson and Chang 2000; Mogi 2007). It is therefore
necessary to consider the radial stress gradient when studying
a rockburst. This variation can be simulated by applied asym-
metric stresses, i.¢., keeping one-free face and loading on the
other free faces on a specimen with a relatively larger thick-
ness. Therefore, as described in “Specimen Preparation” sec-
tion, the specimens used in the present study have a thickness
of 100 mm.

In the present study, a loading path presented in Fig. 7 is
used to simulate the stress change of the rock mass during the
triggered rockburst process (Su et al. 2017b). This loading
path can be described in detail as follows. First, to simulate
the static stress state of a rock mass after excavation, asym-
metric stresses were applied on a rectangular prismatic rock
specimen, i.e., one face remained stress free and the stresses
on the other faces were simultaneously increased to the
predetermined values with a loading rate of 0.5 MPa/s.
Then, a sinusoidal disturbance P(¢) with a frequency of
20 Hz and an amplitude of 100 kN was applied on the stressed
specimen along the X direction to mimic the stressed rock
mass near the excavation subject to a low-frequency dynamic
disturbance. The prescribed duration of the dynamic distur-
bance was 5 min.

Shocking waves

Compression waves

Seimic waves

g A A

| 3~7R, | 120~150R0| 150R, |
| | |

Fig.6 Map of the evolution of an explosion stress wave in rocks (Li et al.
2009)
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In addition, it should be pointed out that after trial and error,
we found that when o, is higher than 230 MPa, all the tested
specimens will fail in a self-initiated rockburst manner during
increasing the quasi-static stress. Meanwhile, when o, is lower
than 180 MPa, the tested specimens will not exhibit rockburst
manner. The object of our study is triggered rockburst.
Consequently, the maximum and minimum of o, are
230 MPa and 180 MPa, respectively. To obtain a better under-
standing of the influence of o, on triggered, o, between
230 MPa and 180 MPa, i.e., 200 MPa is also chosen.

Results and discussion
Influence of initial damage on the failure mode

Three failure modes including triggered rockburst, self-
initiated rockburst, and slabbing are involved in the present
study, as shown in Table 2.

It can be seen that for a specific predetermined maximum Z-
direction static stress (o,), the failure of the tested specimen
under different initial damage condition varies. When the
predetermined maximum Z-direction static stress is 230 MPa,

Static loading phase Disturbance phase

Dynamic disturbance

i

stress

time
Fig. 7 Loading path
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Table 2  Failure mode of the tested specimen under different loading conditions

Specimen D Predetermined Actual 0,pax/ o/ o,/ Amplitude Frequency f/ Failure mode

no. 0 max/MPa MPa MPa MPa A/MPa Hz

T-1 0 230 230 30 5 5 20 Triggered rockburst

T-2 02 230 230 30 5 5 20 Triggered rockburst

T3 0.3 230 230 30 5 5 20 Triggered rockburst

T4 04 230 210 30 5 - - Self-initiated
rockburst

T-5 0.6 230 191 30 5 - - Self-initiated
rockburst

T-6 0.7 230 185 30 5 - - Self-initiated
rockburst

T-7 0 200 200 30 5 5 20 None fracture

T-8 0.2 200 200 30 5 5 20 None fracture

T9 03 200 200 30 5 5 20 Slabbing

T-10 04 200 200 30 5 5 20 Triggered rockburst

T-11 0.6 200 189 30 5 - - Self-initiated
rockburst

T-12 0.7 200 186 30 5 - - Self-initiated
rockburst

T-13 0 180 180 30 5 5 20 None fracture

T-14 0.2 180 180 30 5 5 20 None fracture

T-15 0.3 180 180 30 5 5 20 None fracture

T-16 04 180 180 30 5 5 20 Slabbing

T-17 0.6 180 180 30 5 5 20 Triggered rockburst

T-18 0.7 180 180 30 5 5 20 Triggered rockburst

for the tested specimen (T-1, T-2, and T-3) with initial damages
of 0, 0.2, and 0.3, respectively, the failure model is a triggered
rockburst, i.e., a dynamic failure induced by a disturbance dur-
ing the dynamic loading stage. For the tested specimens (T-4,
T-5, and T-6) with initial damages of 0.4, 0.6, and 0.7, respec-
tively, a dynamic rock failure was encountered in the static load-
ing stage, which is referred to as self-initiated rockburst. When
0, is 200 MPa, the tested specimens (T-7 and T-8) with initial
damages of 0 and 0.2, respectively, show no obvious failure; the
tested specimen (T-9) with an initial damage of 0.3 shows a
slabbing failure; the failure mode of the tested specimens
(T-10 and T-11) with initial damages of 0.4 and 0.6, respectively,
is a triggered rockburst, and the tested specimen (T-12) with an
initial damage of 0.7 shows a self-initiated rockburst manner.
When o, is 180 MPa, the tested specimens (T-13, T-14, and
T-15) with initial damages of 0, 0.2, and 0.3, respectively, show
no obvious failure; the tested specimen (T-16) with an initial
damage of 0.4 shows a slabbing failure, and the failure mode
of the tested specimens (T-17 and T-18) with initial damages of
0.6 and 0.7, respectively, is a triggered rockburst. Therefore, the
initial damage significantly influences the failure mode of the
tested specimens.

In addition, the initial damage also affects the strength of
the tested specimen under the one-free-face true-triaxial com-
pression condition. Using the tested specimen with a

predetermined maximum Z-direction static stress of
230 MPa as an example, the corresponding actual o, of tested
specimens (T-1, T-2, and T-3) is 230 MPa, which equals the
predetermined maximum Z-direction static stress. While, o, of
the tested specimens (T-4, T-5, and T-6) with initial damages
0f 0.4, 0.6, and 0.7 are 210, 190, and 185 MPa, respectively,
which are significantly lower than the predetermined Z-
direction static stress of 230 MPa. The result indicates that
damage reduces the strength of the rocks, and there is an initial
damage threshold beyond which the rock strength significant-
ly decreases. This finding matches well with the conclusions
in the previous publications (Chen et al. 2017a; Su et al.
2017a). A conclusion of this paper is that an increase in initial
damage decreases the needed static stress to induce rock fail-
ure. In other words, a rockburst can be much more easily
triggered under high initial damage conditions, and the initial
damage will increase the likelihood of a rockburst. This find-
ing is consistent with the investigative results of 335 rockburst
cases encountered during the construction of the Jinping II
Hydropower Station (Feng et al. 2013). Most of these
rockbursts appeared in less intact rock masses, as shown in
Fig. 8, irrespective of the percentage of triggered rockbursts of
these 335 rockbursts.

For a given initial damage, the failure mode of the tested
specimens with different predetermined maximum Z-
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Fig. 8 Numbers of rockbursts that occurred during the construction of the Jinping Il Hydropower Station during excavation using a drilling and blasting

and b TBM (Feng et al. 2013)

direction static stresses varies. Under low initial damage con-
ditions, for example, the specimens (T-2, T-8, and T-14) with
an initial damage of 0.2, in which the predetermined maxi-
mum Z-direction static stress is 230 MPa, the failure mode of
the tested specimen is a triggered rockburst; when the
predetermined maximum Z-direction static stress is 200 MPa
or 180 MPa, the tested specimens show no obvious dynamic
failure. It can be concluded that for a given initial damage, a
threshold of static stress exists beyond which a dynamic dis-
turbance can induce a triggered rockburst. Otherwise, stressed
rock masses fail statically or even show no failure. Under high
initial damage conditions, for example the specimens (T-5,
T-11, and T-17) with initial damage of 0.6, in which the
predetermined maximum Z-direction static stresses are 230
and 200 MPa, the failure mode of the tested specimens is a
self-initiated rockburst and the actual maximum Z-direction
stresses are all 190 MPa; when the predetermined maximum
Z-direction static stress is 180 MPa, a triggered rockburst oc-
curred. Therefore, we can infer that the increased initial dam-
age lowers the static stress threshold. A self-initiated rockburst
will occur if the rock masses are not subjected to a dynamic
disturbance before the tangential stress increases to its maxi-
mum. Consequently, the static stress also significantly influ-
ences the failure mode of the rocks.

It should be noted that the critical concern in the present
work is the triggered rockburst. Therefore, the obtained testing
data of specimens T-1, T-2, T-3, T-10, T-17, and T-18 are
investigated.

Influence of initial damage on the stress-strain
behavior

Figure 9 shows the Z-direction stress-strain curves of the test-

ed specimens (T-1, T-2, T-3, T-10, T-17, and T-18) with dif-
ferent initial damages of 0, 0.2, 0.3, 0.4, 0.6, and 0.7,

@ Springer

respectively. It indicates that the tested specimens experience
similar mechanical behaviors during the static loading period,
dynamic loading period, and rapidly declining stress period.
(1) In the first period, the stress nonlinearly increases (corre-
sponding to rock compaction) followed by a linear rise (cor-
responding to rock elastically deforming) as the strain in-
creases, which leads to high elastic strain energy stored in
the rock specimen. These energies are the source that drives
the final rock failure, i.e., a triggered rockburst. There is no
unstable crack development, and the rock specimens still have
integrity and a high carrying capacity. (2) In the second period,
the dynamic disturbance continually degrades the rock speci-
men, which corresponds to the relatively flat section of the
stress-strain curve characterized by a continual increasing
strain with a constant stress. This behavior is similar to plastic
flow after rock yielding. The carrying capacity and energy
storage limit of the rock specimen decrease gradually. (3)
Finally, the carrying capacity decreases to a constant static
stress, and the energies are instantly released in the form of a
triggered rockburst. The stress dramatically drops once the
overall failure occurs. From the above description, we can
see that the dynamic disturbance is the inducing factor for a
triggered rockburst.

Initial damage affects the mechanical behavior of the tested
specimens, and significant differences in the rock mechanical
behavior for different initial damage conditions can be obtain-
ed, as shown in Fig. 9. The rock specimen with a high initial
damage experiences long microcracks compaction, which is
consistent with the results of ultrasonic and SEM testing. After
the microcracks compact, the rock specimen deforms elasti-
cally. Specifically, the corresponding elastic modulus (i.e., the
slope of the straight-line segment of the stress-strain curve
before applying a dynamic disturbance) under the initial dam-
ages of 0, 0.2, 0.3, 0.4, 0.6, and 0.7 is 34.67, 34.55, 33.52,
25.67, 26.35, and 22.44 GPa, respectively. Obviously, the
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Fig. 9 Stress-strain behavior. a Z-direction stress-strain curves of tested
specimens for different initial damage conditions, the initial damage D of
specimens T-1, T-2, T-3, T-10, T-17, and T-18 are 0, 0.2, 0.3, 0.4, 0.6, and

elastic modulus decreases as the initial damage (heat-
treatment temperature) increases. This relationship agrees
with the results obtained in other studies (Chen et al. 2012;
Liu and Xu 2014; Liu and Xu 2015; Yang et al. 2017), which
demonstrates the validity and reasonability of the experimen-
tal data to some extent. Additionally, the increased initial dam-
age reduces the elastic modulus of the tested specimen.
Additionally, as the initial damage increases, the Z-direction
strain during static loading significantly increases. These
strains are 7.47%o, 7.38%0, 8.38%0, 8.77%0, 9.22%0, and
14.49%0 under the initial damages of 0, 0.2, 0.3, 0.4, 0.6,
and 0.7, respectively.

By using the elastic modulus £ and stress o, the elastic
strain energy U, accumulated in the tested specimens before
applying a dynamic disturbance under different initial dam-
ages can be calculated using the following formula

2

g
U, — 2
¢ V2E )

where Vis the volume of a specimen. In the present study, Vis
0.002 m* (0.1 mx 0.1 m x 0.2 m). As shown in Table 3, the
rocks with a lower initial damage sustain a larger external
force, which causes higher stress within the rocks. Higher
stress always corresponds to more elastic strain energy before
rock failure (He et al. 2015; Su et al. 2017c¢). Hence, the elastic
strain energies of tested specimens T-1, T-2, and T-3 with low
initial damages of 0, 0.2, and 0.3 are much greater than those
of'tested specimen T-10, T-17, and T-18 with high initial dam-
ages 0f 0.4, 0.6, and 0.7. Furthermore, the elastic strain energy
is a controlling factor that induces a rockburst. Hence, tested
specimens with a low initial damage generally show a more

0.7, respectively; b Three typical stages that the tested specimens experi-
enced (specimen T-3 is the example)

violent failure behavior than those with a high initial damage.

Furthermore, it can be found from Table 3 that under the
same static Z-direction stress, the elastic strain energy of a
tested specimen with a lower initial damage is relatively
higher. For example, when the static Z-direction stress is
230 MPa, the elastic strain energy of tested specimens T-1,
T-2, and T-3 increases as the corresponding initial damage
increases (0, 0.2, and 0.3, respectively). Two reasons may be
involved. The first is that the low elastic modulus favors the
accumulation of elastic strain energy according to Eq. (1).
This is the reason why considerable efforts have been devoted
to increasing the stiffness of the testing machine in the past
few decades. A testing machine with low rigidness (elastic
modulus) will store abundant elastic strain energy during the
loading process. These energies will be released when the rock
failure occurs and thereby increase the intensity of the rock
failure. In this situation, the actual energy evolution of the
rocks during the failure process is concealed; therefore, the
energy results are unreasonable and prevent discovery of the
rock failure mechanism. The second reason is that the elastic
modulus that corresponds to the high initial damage is low, as
described above. Otherwise, from Table 3, it is clear that al-
though the static Z-direction stress (200 MPa) of tested spec-
imen T-10 is obviously lower than the 230 MPa of tested
specimen T-1, the elastic strain energy of specimen T-10 is
similar to specimen T-1. This is attributed to the hypothesis
that the elastic modulus of'tested specimen T-10 is much lower
than that of tested specimen T-1. Consequently, a different
conclusion from those in the previous studies can be drawn.
Higher rock strength does not always correspond to larger
accumulated elastic strain energy within a rock mass when
the initial damage or elastic modulus is involved.
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Table 3 Elastic strain energy U,

accumulated in tested specimens Specimen Initial Elasticity modulus Static Z-direction stress o, Elastic strain energy
before applying a dynamic no. damage (GPa) (MPa) U. ()
disturbance

T-1 0 34.67 230 3051.6

T2 0.2 34.55 230 3062.2

T3 03 33.52 230 3156.3

T-10 0.4 25.67 200 3116.5

T-17 0.6 26.35 180 2459.2

T-18 0.7 2244 180 2887.7

Influence of initial damage on rock fracture

Figure 10 indicates that all the tested specimens show a similar
zoning failure form, i.e., V-shaped or stepwise rockburst pits
near the free face and macro shear fractures away from the free
face. This zoning failure form is caused by the gradient stress
along o,, which has been described in detail in the literature
(Su etal. 2017c¢). The area of the rockburst pits under different
initial damage conditions apparently varies. When the initial
damage is 0.2 or 0.3, the rockburst pit covers almost all of the

Fig. 10 Failure forms of the
tested specimens for different
initial damage conditions. a D =
0,bD=02,¢D=03,dD=04,
eD=0.6,fD=0.7
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free face of the tested specimen. While under other initial
damage conditions, the rockburst only destroys part of the free
face. Consequently, as the initial damage increased, the area of
the rockburst pit increased and then decreased; the tested spec-
imen with an initial damage of 0.3 had a relatively larger
rockburst pit region. A larger rockburst pit area does not mean
a greater rockburst scale. The depth of the rockburst pit should
be taken into consideration to determine the rockburst scale.
The depth of the rockburst pits under different initial damage
conditions is shown in Fig. 11. As the initial damage D
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Fig. 11 Curve of initial damage D versus depth of rockburst pit

increases, the depth increases. Then, the equivalent volume of
the rockburst pits can be calculated, as shown in Table 4. It can
be seen that the volume of the rockburst pits of the tested
specimen increased as the initial damage increased. The tested
specimen with an initial damage of 0.7 had the largest
rockburst pit volume, and therefore, the corresponding
rockburst scale was the largest. However, the rockburst inten-
sity remains unascertainable and should be investigated in
terms of the dissipated energy and kinetic energy during a
rockburst. The dissipated energy can be analyzed according
to the following fragments characteristic investigation, while
the kinetic energy of the ejected fragments will be discussed in
detail in “Influence of initial damage on remotely triggered
rockburst intensity” section.

Average size is a significant characteristic of fragments.
Consequently, the average size of the fragments of the tested
specimen for different initial damage conditions was deter-
mined using a statistical approach. This method is described
in the details that follow. First, all the fragments collected after
rockburst are divided into several groups using sieves (Li et al.
2010; Su et al. 2017a; Wang et al. 2019). In this study, the
fragments are classified into 9 groups of fragment sizes, d <

0.075 mm, 0.075<d<0.15 mm, 0.15<d<0.3 mm, 0.3<d
<0.6mm, 0.6<d<1.18mm, 1.18<d<2.36 mm, 2.36 <d<
4.75 mm, 4.75<d<9.5 mm, and d>9.5 mm (Fig. 12). The
mass of the rock fragments m; (i= 1,2, 3,4,5,6,7,8,and 9) in
each group was measured. Then, the average size of the frag-
ment d is calculated by

_ 9
d = Z W,’di (3)
i=1
where, w; denotes the right, and Ei is the equivalent size.
m;
w; = 4
2 m; ( )
d
d Ed !
di = H; d 1<i<9 (5)
lm X
2lma 9

where d; is the sieve pore of the sieving instrument listed in
Table 5, /. is the maximum length of fragments with a size
larger than 9.5 mm, and » is the number of fragments for a
given size.

Figure 13 presents the average size of fragments of the
tested specimen for different initial damage conditions. The
fragments of the tested specimen with an initial damage of 0.3
have an maximum average size. A slight increasing trend for
the average size was obtained for initial damage up to 0.3.
After initial damage of 0.3, as the damaged increases, the
average size decreases rapidly. The average size of the frag-
ments can indicate the damage degree of the tested specimen
and the corresponding dissipated energy during the rockburst
process. The smaller the size of the fragments, the more ener-
gy is needed to form them and the more seriously the tested
specimen is damaged (Li et al. 2010; Liu et al. 2014; Wang
et al. 2019). Hence, the minimum dissipated energy of the
tested specimens occurred with an initial damage of 0.3,
which may contribute to this condition causing the most

Table 4 Size of the rockburst pits

Rockburst pit

Length L (cm)  Width W(cm) Depth D (cm)  Volume (LWD/3) (cm3)

of the tested specimens for Specimenno.  Initial damage
different initial damage
conditions

T-1 0

T2 0.2

T3 0.3

T-10 0.4

T-17 0.6

T-18 0.7

0.84 1.0 0.9 0.25
1.82 1.0 0.9 0.55
1.86 1.0 1.0 0.62
1.71 1.0 1.2 0.68
1.69 1.0 1.3 0.73
1.64 1.0 2.0 1.09
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Fig. 12 Fragments of the tested
specimen for the initial damage
D =0 condition

bROBPREEDPAGIVES

9LV DPEgaeCdvgom

Rock fragments with size >9.5 mm

intense rockburst. The dissipated energy of the tested speci-
men with initial damage of 0.7 is the largest. As the initial
damage increases, the dissipated energy increases and then
decreases.

The characteristic of the fragments can partially represent
the rock failure mechanism. The typical coarse and medium
fragments of the tested specimen for the initial damages of 0,
0.3, and 0.7 are shown in Fig. 14. The fragments with a max-
imum size beyond 9.5 mm are defined as coarse fragments,
while the ones with a maximum size between 4.75 mm and
9.5 mm are defined as medium fragments in the present study.
For the coarse fragments, the width-to-thickness ratio of the
tested specimens with initial damages of 0, 0.3, and 0.7 are
7.2,5.2, and 2.5, respectively. For the medium fragments, the
width-to-thickness ratio of the tested specimens with initial
damages of 0, 0.3, and 0.7 are 2.9, 1.67, and 1.2, respectively.
Apparently, as the initial damage increases, the width-to-
thickness ratio significantly decreases and the shape of coarse
fragments changes from lamellar to blocky.

Influence of initial damage on remotely triggered
rockburst intensity

Remotely triggered rockbursts under different initial damages
have a similar development process, as shown in Fig. 15.
During the static loading period, no apparent rock failure oc-
curs. Then, the specimens are subjected to a dynamic distur-
bance. In the early stage of the dynamic disturbance period,
the tested specimen still shows no failure. As the dynamic
disturbance continues, small rock fragments accompanied by
ringing cracking sounds can be observed. During the late stage
of the dynamic disturbance period, rock elements near the free

Table 5  d; of the rock fragments in each ground (unit:mm)

d] d2 d3 d4 d5 d6 d7 dg

0.075 0.15 0.30 0.60 1.18 2.36 4.75 9.5
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0.60~1.18 0.30~0.60 0.15~0.30

0.075~0.15  <0.075

Rock fragments with size <9.5 mm

face split and form rock plates. Subsequently, the rock plates
expand with continuous ringing sounds. When the expansion
is significant enough, the rock plates break, and the broken
plates and fragments are abruptly ejected out accompanied by
a huge sound. In summary, the rockburst process includes
ejection of particles, rock elements splitting into rock plates,
bending of the rock plate, and ejection of rock fragments as
soon as the rock plates break. This process is consistent with
that in other triggered rockburst studies (Su et al. 2017b; Su
et al. 2018).

Figure 16 presents the duration 7}, of the dynamic distur-
bance with the same frequency and amplitude for different
initial damage D conditions for specimens subjected to a re-
motely triggered rockburst. As D increases, 7}, decreases. The
duration of the dynamic disturbance 7 for a high initial dam-
age condition is significantly less than that for a low initial
damage condition. For example, 7, for the tested specimen
with an initial damage of 0.2 is 120.6 s, while 7}, for the tested
specimen with an initial damage of 0.6 is 36 s. This difference
indicates that the dynamic disturbance can much more easily
trigger a rockburst for the high initial damage condition. As
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Fig. 13 Average size of the fragments of the tested specimen for different
initial damages D
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Fig. 14 Coarse fragments of the
tested specimens with initial
damages of a 0, b 0.3, and ¢ 0.7

d>9.5mm

d>9.5mm

d>9.5mm

the initial damage increases, the likelihood of a remotely trig-
gered rockburst increases. It should be pointed out that the
intensity of the rockburst is different with the likehood. The
intensity will be systematically investigated according to the
kinetic energy of the ejected fragments during rockburst
process.

During underground excavation, the primary threat of a
rockburst to workers and construction equipment is ejected
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fragments. Therefore, the kinetic energy of the ejected
fragments can be used to quantitatively evaluate the inten-
sity of a rockburst. In the present study, the kinetic energy
is obtained by measuring the speed and mass of the ejected
fragments. A high-precision scale can directly measure the
mass. To obtain the speed of the ejected fragments, an
image analysis software, Image Pro Plus 7.0 depicted in
Fig. 17, was utilized to analyze the recorded video of the
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Fig. 15 Rockburst process of the
tested specimen for different
initial damage conditions. a D =
0,bD=02,¢D=03,dD=04,

eD=0.6,fD=0.7
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Fig. 16 Curve of the initial damage versus duration of the dynamic
disturbance

rock failure process. First, the trajectories of the ejected
fragments were automatically or manually captured.
Then, the speed of ejected fragments was calculated by
dividing the distance along the trajectory by the corre-
sponding time interval.

As shown in Fig. 18, the failure process of the tested
specimen during the testing process was primarily record-
ed by high-speed camera #1 with a recording rate of
500 frames per second (fps). The video recorded by
high-speed camera #2 supplements the first video. It
should be noted that there are angles between the record-
ing direction of the high-speed cameras and the ejection
path of the rock fragments. For high-speed camera #1, the
angle is 60°. For high-speed camera #2, the angle is 75°.
Hence, a transform should be implemented to change the
measured speed to the actual speed (Su et al. 2017c).

The detailed process of calculating the kinetic energy is
described as follows:

Fig. 17 Example of measuring
the speed of the ejected fragments

OCHZADANY @l s i i Hi

e Step 1: For the fragments with a size greater than
9.50 mm, the speed of four feature points and the centroid
point are measured; then, the average of the speed of these
points is recorded.

» Step 2: For the fragments with a size between 4.75 mm
and 9.50 mm, the speed of several fragments is calculated,
and the average of the speed of the fragments is recorded.

» Step 3: For the fragments with a size less than 4.75 mm,
the speed of the fragments in different locations is calcu-
lated, and the average of the speed of the fragments is
recorded.

» Step 4: The kinetic energy of the ejected fragments with
different sizes can be calculated according to Eq. (5).
Then, the total kinetic energy of the ejected fragments
can be obtained.

1
Ey = —mv’

. (©)

Figure 19 shows the kinetic energy of the tested specimens
for different initial damage conditions. The kinetic energy of
the ejected fragments for low initial damages (0, 0.2, 0.3, and
0.4) is generally higher than those for high initial damages (0.6
and 0.7), indicating a higher intensity of triggered rockburst
under lower initial damage conditions. For example, the ki-
netic energy of the ejected fragment for the initial damage of
0.2 is 5.75 ], which is significantly larger than 1.93 J for the
initial damage of 0.7. Furthermore, another interesting finding
is the nonlinear relation of the kinetic energy of the ejected
fragments with initial damage. The kinetic energy, i.e., inten-
sity of the triggered rockburst, first increases and then de-
creases as the initial damage increases. The most suitable ini-
tial damage of the tested specimens is 0.3. For this initial
damage, the kinetic energy is a maximum, i.e., the corre-
sponding triggered rockburst is the most intense. This can be
explained as follows.
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Fig. 18 Layout of the high-speed
cameras. a Stereogram, b
Planform

High-speed camera #2

(@

From the viewpoint of energy, during the triggered
rockburst process, the kinetic energy of the ejected fragments
is proportional to the difference between the accumulated elas-
tic strain energy before applying a dynamic disturbance and
the dissipated energy during rock failure, which can be de-
scribed as follows:

Ek :Oé(Ue _Ud) (7)

where U, is the accumulated elastic strain energy; U, is the
dissipated energy during rock failure; the difference between
these energies is called the residual energy; and « is the ratio
of translating the residual energy into kinetic energy. Hence,
both a higher U, and lower U, can produce a larger kinetic
energy. The variation of the kinetic energy as the initial dam-
age increases can be explained in terms of the accumulated
strain energy and dissipated energy during rock failure.
Coincidentally, the maximum U, and minimum U, occur
when the initial damage is 0.3 in the present study.
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Fig. 19 Kinetic energy of the tested specimens for different initial
damage conditions
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Therefore, the corresponding kinetic energy is the highest
for this condition, which will be discussed in the details that
follow.

As initial damage increases from 0 to 0.3, the elastic mod-
ulus of the tested specimen decreases. Meanwhile, the tested
specimens sustain the same maximum stress of 230 MPa.
Therefore, the elastic strain energy accumulated before apply-
ing a dynamic disturbance for an initial damage of 0.3 is the
maximum value. On the other hand, the existing microcracks
significantly affect the fracture process of the rock mass. New
microcracks generally generate along existing microcracks,
which in turn promote the propagation and coalescence of
existing microcracks that eventually induce the overall rock
failure. The initial damages of 0.2 and 0.3 are produced using
the heat-treatment method with temperatures of 200 °C and
300 °C, respectively. As shown in Fig. 2, no obvious new
microcracks can be observed when the temperature is below
300 °C. However, as the temperature increases, the initial
damage of the tested specimen does increase. This can be
attributed to the fact that the length of the microcracks instead
of the number of the existing microcrack increases. The length
of the microcracks of the tested specimen with initial damage
of 0.3 is the largest. During an overall failure, the longer
microcracks can coalesce much more easily and dissipate less
energy compared with those for initial damages of 0 and 0.2.
This is consistent with the fact that the average size of the
fragment for an initial damage of 0.3 is smaller than that for
the initial damage of 0 and 0.2. Meanwhile, the post-peak
dissipated energy is mainly caused by the fracture process.
Therefore, the kinetic energy for an initial damage of 0.3 is
higher than that for initial damages of 0 and 0.2. As the initial
damage increases from 0 to 0.3, the increment of the kinetic
energy is (2.88 J) 82.3%.

As the initial damage increases from 0.3 to 0.7, the elastic
modulus of the tested specimens decreases. However, the cor-
responding static stress for the tested specimen with initial
damage of 0.3 is much higher than those with initial damages
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0f 0.4, 0.6, and 0.7. Consequently, the elastic strain energy for
an initial damage of 0.3 is the maximum value. Meanwhile, as
shown in Fig. 2, newly formed thermal microcracks (new
microcracks induced by heat-treatment) can be found on the
surfaces of the tested specimen for initial damages of 0.4, 0.6,
and 0.7, i.e., both the number and length of the microcracks
increase during heat-treatment. Due to the increased length,
the existing microcracks can propagate and coalesce much
more easily, thereby dissipating less energy than those with
an initial damage greater than 0.3 during testing. However, the
evolution of the newly formed thermal microcracks will dis-
sipate more energy. The total dissipated energy caused by the
evolution of the existing and newly formed thermal
microcracks for initial damage greater than 0.3 is higher than
that the dissipated energy only caused by the evolution of
existing microcracks for initial damage greater than 0.3. In
addition, this total dissipated energy increases as the initial
damage increases. Consequently, the kinetic energy for the
initial damage of 0.3 is higher than the kinetic energies for
initial damages of 0.4, 0.6, and 0.7. As the initial damage
increases, the kinetic energy decreases with an amplitude of
(4.551) 69.7%.

The discussion above focuses on the pattern of increasing
and then decreasing kinetic energy as the initial damage in-
creases and provides a reason why the largest kinetic energy
occurs for an initial damage of 0.3. Further review of the
kinetic energy shows that the kinetic energy when the initial
damage is 0.4 approaches the kinetic energy when the initial
damage is 0.

When the initial damage is 0.4, the static stress is lower
than when the initial damage is 0. However, the corresponding
elastic modulus when the initial damage is 0.4 is also lower.
Hence, the elastic strain energy for an initial damage of 0.4 is
similar to that when the initial damage is 0, as shown in
Table 3. In addition, newly formed thermal microcracks are
introduced by heat-treatment into the tested specimen with an
initial damage of 0.4, but the number of newly formed
microcracks is small. The total dissipated energy caused by
the evolution of the newly formed and existing microcracks
for the initial damage condition is still less than that only
caused by the evolution of the existing microcrack for an
initial damage of 0. This is verified by the fact that the average
size for the initial damage = 0 is smaller than that for the initial
damage = 0.4. Therefore, the kinetic energy for an initial dam-
age of 0.4 is slightly higher than that for an initial damage of 0.

For an initial damage of 0.6, the sustained static stress
(180 MPa) is relatively low; the length of the existing
microcracks significantly increases and many thermal
microcracks form during heat-treatment. The accumulated
elastic strain energy of the tested specimen with an initial
damage of 0.6 is lower than the tested specimen with an initial
damage of 0, as shown in Table 3, and the corresponding
postpeak dissipated energy is higher. Consequently, the

kinetic energy for an initial damage of 0.6 is approximately
35% lower than that for an initial damage of 0.

Furthermore, the static stresses under the initial damages of
0.6 and 0.7 are 180 MPa. Simultaneously, the elastic modulus
for an initial damage of 0.6 is higher than that for an initial
damage of 0.7. Consequently, the accumulated elastic strain
energy for an initial damage of 0.6 is smaller. However, the
corresponding kinetic energy is higher, because many more
microcracks are formed in the specimen with an initial dam-
age of 0.7 during heat-treatment at 600 °C. Most of the accu-
mulated elastic strain energy will be dissipated by the propa-
gation and coalescence of the microcracks during testing pro-
cess. Hence, the kinetic energy for an initial damage of 0.7 is
extremely low.

The aforementioned experimental results provide knowl-
edge about the influence of initial damage on remotely trig-
gered rockbursts for engineering practice.

For a tunnel excavated using the drilling and blasting
method (transient release of in situ stress), the surrounding
rock mass will be seriously damaged, which leads to an
increased likelihood of remotely triggered rockbursts, i.e.,
a remotely triggered rockburst can be induced much more
easily. Corresponding support measurements should be im-
plemented to lower the risk of a triggered rockburst. For a
tunnel excavated using the TBM method (quasi-static
unloading of in situ stress) only slightly damages the rock
masses; the likelihood of a remotely triggered rockburst is
relatively low. However, once a remotely triggered
rockburst occurs, the corresponding intensity will be high
especially under a high geo-stress condition, because that
more intact rock mass can accumulate more elastic strain
energy. Engineering measures such a stress relief aperture
should be applied to decrease the intensity of a potential
remotely triggered rockburst. However, it should be noted
that the damage degree should be sufficiently increased. In
the present study, the kinetic energy will significantly de-
crease only when the initial damage is greater than 0.6.
Otherwise, both the likelihood and intensity of the remote-
ly triggered rockburst will increase.

Conclusions

The present paper investigates the influence of the initial dam-
age on a triggered rockburst. Granite specimens with different
initial damages (D=0, 0.2, 0.3, 0.4, 0.6, and 0.7) were tested
under the true-triaxial condition. During a test, the specimen
was subjected to coupled static and dynamic loading. The
failure mode, deformation characteristics, fracture features,
and kinetic energy of the ejected fragments of the tested spec-
imen were systematically investigated. The following conclu-
sions are drawn:

@ Springer



3192

J. Jiang et al.

(1) For a given initial damage and dynamic disturbance, a
threshold of static stress exists, beyond which a triggered
rockburst can be induced by a dynamic disturbance.
Otherwise, the stressed rock masses slab or show no
failure. In contrast, a self-initiated rockburst will occur
if the rock masses are not subjected to a dynamic distur-
bance before the major principal stress increases to a high
value. In addition, a triggered rockburst can be much
more easily induced by a dynamic disturbance as the
initial damage increases. For a high initial damage con-
dition, the required static stress is low, and the duration of
the dynamic loading is short.

(2) As the initial damage increases, the elastic modulus de-
creases. The elastic strain energies for low initial damage
(0, 0.2, and 0.3) conditions are larger than those for high
initial (0.4, 0.6, and 0.7) damage conditions. In addition,
higher rock strength does not always correspond to larger
accumulated elastic strain energy within the rock mass
when initial damage and elastic modulus are involved.

(3) Asthe initial damage increases, the area of the rockburst
pit increases and then decreases, the depth of the
rockburst pits increases, the corresponding volume of
the rockburst pit increases, and the average size of the
fragments decreases, which indicates an increasing ener-
gy dissipation; furthermore, the width-depth ratio of the
fragments shows a decreasing trend, and the shape of the
fragment changes from sheet to blocky.

(4) The initial damage of the tested specimen significantly
affects the kinetic energy of the ejected fragments during
a rockburst. The kinetic energy of the ejected fragments
of a triggered rockburst increases and then decreases as
the initial damage increases, and the maximum kinetic
energy appears at an initial damage D = 0.3, which indi-
cates that this is suitable initial damage of granite that can
induce the most intensive triggered rockburst. The max-
imum kinetic energy for an initial damage of 0.3 is ap-
proximately 60% higher than that for an initial damage of
0. Furthermore, the kinetic energy of the ejected frag-
ment for an initial damage less than 0.6 is larger than that
for an initial damage of 0. The kinetic energy will be
lower than that for an initial damage of 0 only when
the initial damage is greater than 0.6.

Note that the present study was an indoor investigation of
small-sized rock specimens. The stress state or boundary of
the rocks simulated using testing machine in laboratory, to
some extent, may differ from that in situ. For example, the
applied dynamic disturbance is a simplification of a field dy-
namic disturbance wave caused by blasting and drilling. Thus,
it is necessary to conduct in situ rockburst tests. Moreover,
remotely triggered rockbursts also occur in supported rock
masses; therefore, it is indispensable to investigate remotely
triggered rockbursts in a supported condition.

@ Springer
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