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Abstract
Strainburst, defined as a burst that occurs on the periphery of tunnels, is always associ-
ated with intact and hard brittle rocks and high geo-stress. In practical engineering, the 
prevention of strainburst by bolting does not achieve the desired effects. Deep insight 
into the strainburst process and mechanisms under bolt support conditions is necessary to 
ensure safe underground construction. In this study, strainburst characteristics under bolt 
support conditions were investigated using a true-triaxial rockburst testing system, which 
was equipped with an acoustic emission monitoring system. High-speed cameras were 
also used to capture the ejection failure process. Two indicators, namely kinetic energy 
and maximum decibel, were used to comprehensively evaluate the rockburst intensity. In 
addition, characteristic stresses, failure mode and cracking mechanisms under different bolt 
spacing conditions were investigated. The test results demonstrated that rockburst is greatly 
affected by the bolt arrangement. Rockburst changes from the way occurring in the form of 
a local failure in weak area to the way striking the bolt position and even the overall free 
face with the decrease in bolt spacing. The use of the bolt increases the rockburst intensity, 
but the intensity decreases as the bolt spacing decreases. Characteristic stresses including 
crack initiation stress, crack damage stress and peak strength increase monotonously with 
the use of bolt and the decreasing bolt spacing. During the strainburst, tensile failure domi-
nates the cracking process regardless of bolt spacing; however, with the use of bolt and 
decrease in bolt spacing, tensile splitting near the free face become less obvious and the 
proportion of shear failure gradually increased.
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1 Introduction

In deep excavations of hard rock, the failure process is often governed by the mech-
anism of stress-induced brittle failure (Kaiser et  al. 2000). When excavation-induced 
stress reaches the strength of the rock mass, rockburst may occur in an unstable or vio-
lent manner, leading to a sudden damage of the excavation periphery with an explosive 
release of elastic strain energy and fragments ejection (Cook et al. 1966; Hedley 1992; 
Kaiser 1996; Zhang et al. 2013; Gao et al. 2019; Gong et al. 2019). Because of its great 
danger, rockburst posed great safety risk and economic loss (Wang et al. 2012; Zhang 
et al. 2012; Feng et  al. 2013). For example, an extremely intense rockburst struck the 
drainage of the Jinping II Hydropower Station in China on November 28, 2009, leading 
to destruction of a tunnel-boring machine (TBM) and seven deaths. As the excavation 
depth increases, this violent failure will become increasingly intense and pervasive due 
to high geo-stress.

Extensive studies (Cook 1965; Cook et al. 1966; Salamon 1970; Kaiser and Cai 2012; 
Zhang et  al. 2014; Zhao and Cai 2014; Gong et  al. 2018), including theory analyses, 
numerical simulations, field investigations and physical tests, have been performed to elu-
cidate the mechanism and development of rockburst since the early works on this topic 
(Cook 1963). For example, Salamon (1970) discussed the role between loading machine 
stiffness (k) and post-peak stiffness (λ) of specimen in unstable failure and noted that when 
the stiffness condition k + λ is negative definite, the unstable failure or rock burst will occur. 
As it is one of the most common rockburst types, strainburst has received more attention. 
Kaiser and Cai (2012) thought tangential stress concentration and a relatively soft loading 
environment are the two necessary factors to trigger the strainburst; Zhao and Cai (2014) 
investigated the influence of height-to-width ratio on strainburst characteristics; Gong et al. 
(2018) conducted experimental simulation investigation on rockburst induced by spalling 
failure in deep circular tunnels. However, because of its complex characteristics, strainburst 
hazard is far from satisfactorily addressed. Hence, a good understanding of strainburst 
(hereinafter referred to as rockburst) is very important.

So far, various approaches, such as changing the project layout scheme and excavation 
method, optimizing the excavation shape, dimensions and sequences and utilizing acous-
tic emission (AE) and microseismic (MS) technology, were used to reduce the potential 
rockburst risk or help to maintain stability of the surrounding rock mass during deep 
excavations (Tang et  al. 2010; Feng et  al. 2016). However, the key factor to preventing 
the rockburst is still through rock mass supports. Among these supporting methods, bolt 
support is one of the most basic and practical approaches and has been widely used in 
deep excavation. However, after bolt reinforcement of hard brittle rock mass, the surface 
parallel micro-crack or onion-skin fractures and even rockbursts are still frequent as the 
tunnel face advances. The method of rockburst control by bolting does not achieve the 
desired results (Fig. 1). For example, on July 16, 2011, an intense rockburst occurred at 
SK7 + 255–7 + 259 in diversion tunnel #4 in the Jinping II Hydropower Station, resulting 
in a V-shaped rockburst notch with a maximum depth of 0.8 m, serious damages to the sup-
port systems and a number of bolts being exposed to air (Feng et al. 2013). Due to the lack 
of effective real-time monitoring methods and in-depth investigations of in situ rockbursts, 
our understanding of the rockburst process and mechanism under bolt support conditions 
lags behind the engineering practice of deep hard brittle rock mass. As a result, even if 
considerable effort has been made in terms of support strategy, high-performance bolt and 
related physical test studies, the prevention of rockbursts by bolts is still very problematic.
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Rockburst process and mechanism investigations based on laboratory tests are the core 
of rockburst studies. Based on laboratory physical tests, considerable studies have been 
conducted (Cook 1965; Ortlepp and Stacey 1994; He et al. 2012). Physical tests have devel-
oped from uniaxial tests (Cook 1963; Singh 1987), to biaxial tests (Zuo et al. 2006; Zhang 
2011) and to pseudo-triaxial tests (Hua and You 2001; Chen et al. 2009). In recent years, 
with the development of more advanced experimental instruments, true-triaxial rockburst 
tests (He et al. 2010; Gong et al. 2015) are becoming a trend, making it possible to observe 
the ejection process of fragments from a free surface after rockburst. It realized an effective 
simulation for the transformations of the stress state and boundary conditions of rock mass 
at or near the excavation boundary and may be comparable with in situ rockburst in terms 
of fracturing process and violent fragment ejection. For example, Zhao et al. (2014) inves-
tigated the influence of unloading rate on the strainburst characteristics of Beishan granite. 
Su et  al. (2017b) carried out a series of tests to investigate the influence of radial stress 
gradient on strainburst and revealed that the strength increases with an increasing radial 
stress gradient. However, the failure process and mechanisms of rockburst under bolting 
remain unclear and also have not been studied systematically. Therefore, it warrants more 
investigations to eliminate and mitigate rockburst hazards to reduce property damage and 
ensure workers’ safety.

This paper aims to investigate the rockburst characteristics under the condition of bolt 
support with high-speed cameras and acoustic emission (AE) monitoring system. In the 
following studies, true-triaxial rockburst testing system is first introduced. Then, rock-
burst testing, including specimen preparation and stress state and stress path, is described. 
Finally, testing results, including ejection process, rockburst intensity, characteristic 
stresses, and failure mode and cracking mechanisms, are investigated in detail.

2  True‑triaxial rockburst testing system

The true-triaxial rockburst testing system, developed at Guangxi University, Nanning, China, 
was used to conduct the rockburst tests. The testing system mainly consists of rockburst test 
machine, AE monitoring system and two high-speed cameras (Fig.  2a). The rockburst test 
machine can load/unload in three mutually orthogonal directions and provide maximum 

(a) (b)

Muti-beam jumbo drill 

Bolt support

Rockburst
failure

Rockburst
failrue

Bolt support

Fig. 1  Rockburst under bolt support at the: a Jinping II Hydropower Station in China (Zhang et al. 2012); b 
East Rand Proprietary Mines in South Africa (Ortlepp 2000)
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loads of 5000 kN and 3500 kN in the vertical direction (Z direction) and horizontal directions 
(X direction and Y direction), respectively. The stiffness of the vertical frame is greater than 
9000 kN/mm, and those of the horizontal frames are greater than 5000 kN/mm. Due to its 
two mutually independent loading systems in the Y direction, load in the Y direction can be 
abruptly unloaded on one face using a rotating swing link device (Fig. 2b), while the loads on 
other faces are maintained, leading to a special unloading stress path (loading on six faces and 
then unloading on single face). In addition, another stress path, leaving one face free and load-
ing on the other five faces, can be realized to simulate excavation-induced stress concentration 
(Fig. 2c), leading to a loading stress path. Additionally, this testing system can be used to per-
form uniaxial, biaxial, and true-triaxial compression tests.

Two high-speed cameras, GVCM08-B05 and IM-VG03-1-117B, were used to monitor the 
macroscopic fracturing and ejection failure process (Fig. 3a), and its layout is presented in 
Fig. 2c. The recording speed of the both two high-speed cameras was set to 500 fps. In the 
present study, two AE transducers with a diameter of 18 mm were utilized to capture the AE 
characteristics of the rock specimen during the loading process. The AE transducers have a 
resonant frequency of 103 kHz and a sampling rate of 1 MSPS, and the AE trigger threshold 
was set to 40 dB. Two AE transducers were attached to the surfaces of the base instead of 
in direct contact with the rock specimen (Fig. 2c). To reduce the signal attenuation, a small 
amount of butter was applied to the interfaces between the base and the transducers. In addi-
tion, recording pen and decibel meter were placed near the specimen to record the sound from 
failure (Fig. 3c).

(a)

(b)

(c)

Fig. 2  True-triaxial testing system: a full view; b loading devices for unloading stress path; c loading 
method used in the present study
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3  Testing

3.1  Specimen preparation

The specimens for tests were cut from intact, white coarse-grained granite, a typical hard 
brittle rock material from Guangxi Province, China. Figure 4 shows the naked-eye obser-
vation, three-dimensional hyper-focal distance microscopic image, and the optical cross-
polarized micrograph of the tested rocks. A quantitative mineralogical composition anal-
ysis showed that the rock is mainly comprised of approximately 39% plagioclase, 28% 
quartz, 18% potash feldspar, 7% biotite and 3% hornblende; the size of these mineral grains 
mainly ranges from 0.6 to 5.5 mm. Table 1 presents the basic properties for this kind of 
granite material. Before true-triaxial rockburst tests, the rectangular prismatic specimens, 
100 mm × 100 mm × 200 mm, were prepared, and all sides and ends of the specimens were 
finely ground and polished to minimize the local stress concentration.

In order to investigate the rockburst characteristics under different bolting condi-
tions, different number and arrangement of boreholes were carefully drilled into the rock 

(a) (b) (c)

GVCM08-B05

IM-VG03-1-117B

Recording pen

Decibel meter

Fig. 3  Monitoring system: a high-speed cameras; b AE system; c recording pen and decibel meter

(a) (b) (c)

1 cm 200 μm 500 μm

Fig. 4  Geological nature of granite at different scales: a naked-eye observation; b 3D microscope observa-
tion; c optical cross-polarized observation (A, B and C in c denote plagioclase, quartz and potash feldspar, 
respectively)



918 Natural Hazards (2019) 97:913–933

1 3

specimen. Borehole has a diameter of 8 mm and a depth of 75 mm. The bolt has a diameter 
of 6 mm, and its yield limit is approximately 235 MPa. After installing the bolt, the bore-
hole was grouted with epoxy resin so that the bolt and rock material are well bonded. Four 
different bolt support conditions are shown in Fig. 5, and two specimens for each condition 
were prepared to conduct the test. After bolting, the maximum spacing, ranging from 140 
to 80 mm (Fig. 5b–d), is defined as bolt spacing. In addition, one face, called the free face 
in the following sections, of the specimen was divided into several subregions to better 
capture the ejection failure process.

3.2  Stress state and stress path

The stress state in space is defined by three mutually perpendicular principal stress compo-
nents (σ1, σ2, σ3). On the boundary, a state of biaxial stress, σ1 ≠ 0, σ2 ≠ 0 and σ3 = 0, exists, 
and away from excavation boundary, the rock mass is in a true-triaxial stress state where 
σ1 > σ2 > σ3 (Fig. 6). In fact, rockburst is a structural dynamic failure rather than a simple 
material failure. As a result, a representative rock element was devised to describe the com-
plex stress state of rock mass near the excavation boundary within a certain depth (Fig. 6). 
Stress state of five surfaces loaded with one face free exists for the representative rock 
element because the opening boundary was exposed to air after excavation. Due to the con-
straints from the remaining surrounding rock mass, shear stress also exists on the surface of 
the representative rock element (Fig. 6); this shear stress can be simulated realistically with 
friction at the interface between the end of the rock specimen and loading plate (Fig. 2c). 
Therefore, representative rock element in our present study was in a non-principal stress 
space, rather than in the principal stress space, in which most previous laboratory tests 
were conducted to explore the mechanical properties of rocks.

Table 1  Basic properties of the granite material

Rock type Density (g/cm3) UCS (MPa) Young’s modulus 
(GPa)

Poisson’s ratio P-wave velocity (km/s)

Granite 2.64 165 34.3 0.26 5.4

(a) (b) (c) (d)

20
0

60
14
0

10
0

80
60

60

Fig. 5  Four different bolt support conditions. Unit: mm
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As tunnel face advances, the tangential stress σθ of rock mass at or near the excava-
tion continues to build up until plane strain condition is approximately obtained. When 
σθ reaches the strength of the rock mass, the surplus strain energy after fracturing would 
be released in a violent manner, resulting in the occurrence of rockburst. Consequently, a 
continuous loading stress path or loading rockburst (Su et al. 2017a) may be more suitable 
for reproducing the in situ failure process. The stress path, maintaining one free face while 
loading on the other five faces until the occurrence of rockburst, is presented in Fig. 7 and 
described as follows:

Step 1 The loads on five faces are increased at a constant loading rate until the predeter-
mined magnitude of 5 MPa is reached.

Step 2 σX and σZ are raised simultaneously until the preset magnitude of 30  MPa is 
reached, while σY2 is maintained constant.

Step 3 σZ is increased until the occurrence of rockburst, while the loads on the other 
three faces are maintained to be constant.

σ'1

σ'3

σ' 2

σ θ

σ r
θ

σ θ

r

σ3 > 0

σ' 2

σ 1

τ θr

σ θ

σ r

σ' 2

σ3 = 0

σ 1

σ r
τ θr

Fig. 6  Stress state after excavation. σ1′ and σ3′ are the major and minor in situ (far-field) principal stresses, 
respectively; σ2′ is the intermediate principal stress (in the direction of the opening axis); σθ and τθr are the 
tangential and radial stresses, respectively; r is the radial distance from the axis of the opening; and θ is the 
azimuth angle measured counterclockwise from the σ3′ direction

Fig. 7  Stress path
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During the test, a free face in the Y direction is always maintained, and the loading rate 
of 0.5 MPa/s (strain rate: approximately 1.5 × 10−5 s−1) is adopted.

4  Testing results

4.1  Influence of bolt on ejection failure

The ejection failure process of each specimen was captured using two high-speed cameras 
recording in different directions (Fig. 2c), and a series of key snapshots recorded by high-
speed camera #1 were used to illustrate the rockburst (Fig. 8). Note that the high-speed 
camera #2 is auxiliary and used to verify the speed and kinetic energy evaluated with video 
captured by high-speed camera #1 in the following section. In the initial stage, particle 
ejection first occurred on the free face due to the heterogeneity and stress concentration. 
With a further stress concentration, macroscopic splitting failure occurred near free face, 
resulting in several tensile fractures subparallel to the free face. These tensile fractures con-
tinued to bend and store strain energy until buckling to the point of rupture, and the surplus 
energy after fracturing was released in the form of kinetic energy of ejected fragments. As 
a result, all specimens underwent a similar rockburst failure process, i.e., grains ejection, 
splitting into plates, buckling to the point of rupture and fragments ejection (Fig. 8).

However, it can be seen that the bolt significantly affects the ejection process and failure 
characteristics of the rockburst. Figure 9 presents the rockburst pits after the test. It can 
be found in Figs. 8 and 9 that tension-induced rock flakes are always broken near the bolt, 
suggesting that the bolt restrains the development of tensile fractures. Compared with fail-
ure process and result without bolt (e.g., specimen M1), the rockburst always occurs in the 
form of a local failure when bolt spacing is 140 and 100 mm (Fig. 9b–e). The failure will 
be limited to a local area and will not pass through the bolt. In this case, there is a large 
weak area left after the bolt support, so the rockburst always occurs in the weak area (e.g., 
the lower section of specimen M3 and the upper section of the specimen M7), and the area 
with strong support (e.g., the upper section of specimen M3 and the lower section of speci-
men M4) will not suffer from macroscopic damage and are relatively complete. However, 
when the bolt spacing is smaller or bolt support is stronger (e.g., 80 mm for specimens M7 
and M8), the blank area after the bolt support is smaller and the bearing capacity of each 
part of the test specimen is almost equal, indicating that is no obvious weak area. Under 
this case, the failure will not be constrained in the weak area and will pass through the bolt 
and even occur throughout the free face (specimens M7 and M8 in Fig. 9). Therefore, the 
ejection failure is obviously affected by the bolt support and changes with the bolt spacing.

In addition, the maximum depth of the failure zone and the mass of ejected fragments 
are greatly affected by the bolt. When no bolt was used, the maximum depth is 3.2 mm, 
and it decreases to 0.98 mm as bolt spacing decreases to 80 mm (Table 2). The mass of 
ejected fragments also experiences a similar decreasing trend (from 415.71 to 202.52 g). 
Therefore, the use of the bolt reduces maximum depth of rockburst pit and the mass of the 
ejected fragments, and they also continue to decrease as the bolt spacing decreases.

4.2  Influence of bolt on rockburst intensity

Rockburst intensity is an important indicator for evaluating failure severity and an impor-
tant part of rockburst studies. In the present study, three indicators, including kinetic 
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(b)
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Bolt Bolt Bolt Bolt

Grains 
ejection

Splitting

Buckling

Fragments ejection

(c)

BoltBoltBoltBolt

Grains 
ejection Splitting

Buckling
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17:05:09.41 17:05:12.15 17:05:12.30 17:05:12.32

(d)

Fig. 8  Typical failure process captured by high-speed camera #1: a M1; b M3; c M5; d M8 (the numbers at 
the bottom-left corner of the pictures indicate the time in h:m:s)
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Fig. 9  Rockburst pits: a M1; b M3; c M4; d M5; e M6; f M7; g: M8. Note that strain gauges used to moni-
tor the strain of the bolt for specimens M5 and M6 have failed during the test

Table 2  Test results

– Information has not been effectively collected. Dimension indicates the height, width and maximum depth 
of the pit, respectively. Maximum spacing is defined as bolt spacing in the present study

Sample no. Dimension of 
rockburst pit 
(cm × cm × cm)

Mass of 
ejected frag-
ments (g)

Kinetic 
energy 
(J)

Cumulative AE 
energy  (109 aJ)

Maximum 
decibel 
(dB)

Maximum 
spacing 
(mm)

M1 18.0 × 10.0 × 3.2 415.71 2.40 2.92 98.4 –
M2 – – – – – –
M3 14.0 × 10.0 × 2.5 328.42 4.69 4.65 106.3 140
M4 14.0 × 10.0 × 2.2 366.21 5.26 3.54 110.9 140
M5 5.9 × 10.0 × 1.6 – – 2.91 96.4 100
M6 10.6 × 10.0 × 3.3 – 3.00 3.2 101.5 100
M7 20.0 × 10.0 × 0.98 – – 2.75 86.8 80
M8 12.0 × 10.0 × 1.4 202.52 2.37 3.11 86.3 80
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energy, cumulative AE energy, and maximum decibel, were used to comprehensively eval-
uate the rockburst intensity.

Kinetic energy of the ejected fragments, considered one of the most direct indicators for 
the quantitative analyses of rockburst failure, has also been adopted to assess the rockburst 
intensity (Su et al. 2017b). In the present study, the kinetic energy of the ejected fragments 
was measured and evaluated for each specimen. The specific assessment methods refer to 
Su et al. (2017b), and the results are presented in Table 2. As observed, the use of the bolt 
significantly changes the kinetic energy of the fragments. For example, the kinetic energies 
of M3 and M4 are 4.69 J and 5.26 J, respectively, increasing 95.4% and 119.2% compared 
with specimen M1. The use of the bolt increases the strength so that more elastic strain 
energy can be released, meaning more kinetic energy. Increase in kinetic energy suggests 
that once the rock mass under the support is subjected to rockburst, it will cause more seri-
ous damage. However, the energy decreases with the decreasing bolt spacing. For example, 
it decreases from 4.69 to 2.37 J when bolt spacing decreases from 140 to 80 mm. As the 
bolt spacing continues to decreases, the mass of the ejected fragments has been signifi-
cantly reduced, thus resulting in a reduction in kinetic energy.

In addition, cumulative AE energy and maximum decibel during the failure process 
experienced an evolution trend consistent with that of kinetic energy and reach the maxi-
mum when the bolt spacing is 140 mm. In previous studies, maximum decibel was suc-
cessfully used for rockburst intensity assessment (Su et al. 2017a). However, whether the 
cumulative AE energy, one of the indicators for evaluating the energy released by crack-
ing, is suitable to evaluate the rockburst intensity requires further research. In summary, 
two indicators, namely kinetic energy and maximum decibel, reveal that rockburst intensity 
increases with the use of bolt support, but decreases with the decreasing bolt spacing under 
the bolt support condition.

4.3  Influence of bolt on characteristic stresses

The cracking event in rock material is accompanied by the release of strain energy, and 
its resulting elastic wave can be captured with AE system. Consequently, AE signal can 
be used to reflect the cracking activity in the rock material. Figure 10 presents the AE hits 
and energy captured during the test for specimen M1. As observed, the trend and magni-
tude of AE activity are similar, indicating that the AE signals captured by both transducers 
can well reflect the internal cracking activity. In the present study, AE signals captured by 

Fig. 10  AE hits and energy of 
two transducers during the test 
for specimen M1
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transducer #1 were used for further studies. Due to space limitation, only some AE results 
are given in Fig. 11.

Crack initiation stress σci represents the dilatancy onset or initiation of microscopic 
cracks, and it usually occurs at stress level of 0.3–0.5 UCS under uniaxial compression. It 
plays an important role in assessing the in situ spalling strength and quantifying the failure 
process of intact rock specimen (Martin and Chandler 1994; Cai and Kaiser 2014). How-
ever, the methods under different conditions, especially for complex loading conditions and 
specimen geometry, are not the same, and there are no uniform standards to use. For exam-
ple, Weng et al. (2018) considered the value equal to the stress level when the first tensile 
crack is triggered in the opening as the crack initiation stress; Zhu et al. (2015) took the 
axial stress when the inner wall started caving in as the initiation stress for specimens with 
two circular holes; Cheon et al. (2011) determined the failure initiation stress of a physical 
model specimen as the point at which cumulative AE hits start to increase significantly for 
the first time, and the results are consistent with in situ investigation (Martin 1997). There-
fore, the method adopted by Cheon et al. (2011) was used to determine the crack initiation 
stress in this study. Further, crack damage threshold can also be determined referring to 
Cheon et al. (2011).

Figure 12 gives an example for determining the crack initiation stress σci and crack dam-
age threshold σcd, and these characteristic stresses for other specimens are also presented in 
Table 3. As observed, σci increases with the use of bolt and also continues to increase with 
the decreasing bolt spacing. For example, when no bolt was used (e.g., specimen M1), the 
crack initiation stress is 93.9 MPa. However, σci increases to 136.9 MPa when bolt spacing 
decreases to 80 mm (e.g., specimen M8). Consequently, bolts play a similar role with con-
fining pressure, because extensive studies have indicated that σci increases with an increas-
ing confining pressure (Diederichs 2007). In addition, it is generally realized that tensile 
cracks dominated the microscopic fracturing process until unstable development of cracks 

(a) (b)

(c) (d)

Fig. 11  Stress paths and AE responses for the tested specimens: a M1; b M3; c M5; d M8
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(Brace et al. 1966; Lajtai et al. 1990). Therefore, the use of bolt and the decreasing bolt 
spacing retard the occurrence or initiation of tensile crack and then the crack damage stress 
σcd and peak stress σpeak (Table 3).

The ratios of σci and σcd to σpeak were also calculated. As presented in Table 3, the ratio 
of σci/σpeak is in the range of 0.38–0.51. However, the ratio of σcd/σpeak seems to be at a 
very high level (can be as high as 0.95). Under the true-triaxial compression tests for KTB 
amphibolite (Chang and Haimson 2000), a relatively high σcd/σpeak was also observed, 
indicating that it may be related to stress state. Therefore, the results about σci and σcd are 
reliable.

4.4  Influence of bolt on failure mode and cracking mechanism

4.4.1  Macroscopic failure mode

The rock away from the free face is generally in a true-triaxial stress state; consequently, 
macroscopic shear fracture or fault can be observed away from the free face in all speci-
mens (Fig. 13). A large amount of gray-white powder was found between these shear faults 
(Fig. 14), indicating that a strong friction has occurred during the fracturing process. The 
rock at or near the stress-free face is subjected to a higher vertical compressive stress and a 
zero or lower confining stress, similar to uniaxial stress state or triaxial compressive stress 
state under low confining stress; as a result, several tensile fractures subparallel to the free 
face can be clearly observed (Fig. 13). Finding that the micro-cracks within ejected frag-
ments were subparallel to vertical stress direction (Fig. 14) also suggests the tensile failure 
occurred near the free face. As a result, all failure presents a similar zoning mode, i.e., 

Fig. 12  Determination of damage 
thresholds during the test for 
specimen M4

Table 3  Characteristic stresses

Note that the loading process was not captured for specimens M2 and 
M7, and only some failure results are available

Sample no. M1 M2 M3 M4 M5 M6 M7 M8

σci 93.9 – 101.4 106.4 100.2 102.5 – 136.9
σcd 218 – 248 243.2 238.2 248.2 – 241.9
σpeak 245 – 262 256 250.8 265 – 270
σci/σpeak 0.38 – 0.39 0.42 0.40 0.39 – 0.51
σcd/σpeak 0.89 – 0.95 0.95 0.95 0.94 – 0.90
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rockburst pit at the free face, tensile splitting near the free face and shear fracturing away 
from the free face.

In fact, the severity of tensile splitting near the free face is greatly affected by bolt. 
As observed in Fig.  13, the tensile fractures are especially dense when no bolt is used 

(a) (b) (c) (d)

(e) (f) (g)

Shear fault Tensile 
splitting

Bolt

Tensile
splitting

Shear fault

Tensile splitting

Bolt

Shear fault

Tensile
splitting

Shear fault

Bolt

Tensile
splitting

Shear fault

Bolt

Tensile
splitting

Bolt

Bolt

Shear fault

Tensile
splitting

Bolt

Fig. 13  Fracturing results of the tested specimens: a M1; b M3; c M4; d M5; e M6; f M7; g M8
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Fig. 14  a Gray-white powder between the shear faults; b tensile cracking parallel to vertical stress
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(Fig. 13a). When the bolt spacing is 140 or 100 mm, only few macroscopic tensile frac-
tures can be observed, and the thickness of splitting-induced flake increases significantly 
(Fig. 13b–e). When bolt spacing is 80 mm, the tensile splitting becomes less obvious, and 
only one or two splitting fractures can be observed near the free face (Fig. 13f, g). In gen-
eral, the generation of micro-cracks is related to the confining pressure, and the length of 
micro-crack is proportional to the deviatoric stress, and more restriction or higher confin-
ing pressure due to bolt makes the cracks less easy to initiate and develop. Therefore, with 
the use of bolt and the decreasing bolts spacing, the tensile splitting near the free surface 
decreases, and the density or number of tensile fractures reduces. However, shear fractures 
appear to be unaffected from a macro-perspective, and it always dominates the failure away 
from the free face in the form of one or two faults. According to considerable in situ inves-
tigations and observations, tensile splitting dominates the crystalline rocks near the exca-
vation boundary (Diederichs 2007; Martin and Christiansson 2009). Further, splitting is 
the pioneer or precursor of rockburst, and it is inevitable for rockburst occurrence. Conse-
quently, rockburst can be prevented by appropriately increasing the bolt density.

4.4.2  Cracking mechanism

Generally, three types of micro-cracks, Mode I—tensile crack, Mode II—shear crack, and 
Mode III—combination of the two, exist during the cracking of rock material. Accord-
ing to Aggelis (2011), crack initiation and propagation incidents have different AE signal 
characteristics depending on the cracking types. Thus, this difference can be used to iden-
tify the cracking types or cracking mechanisms. In the present study, the ratio of AF (the 
average frequency value = AE ring-down count/the duration time) to RA (the rise angle 
value = the rise time/the maximum amplitude) of the AE signal was used to quantitatively 
investigate the cracking mechanism, i.e., a crack was produced by tensile cracking if this 
ratio is larger than a given value; otherwise, it derived from shear cracking. It should be 
noted that only two kinds of cracks, Mode I and Mode II, were assumed. AF/RA has been 
used to identify different cracking modes in concrete material (Aggelis 2011; Shahidan 
et al. 2013); however, its applications in rock material are rare, especially in quantitative 
elucidation of cracking mechanisms. For more details about the AF and RA, readers can 
refer to Grosse and Ohtsu (2008).

In order to confirm the ratio of AF/RA, three-point bending test was conducted with 
the same rock material, and the AF and RA values of the AE signals during the test were 
obtained (Fig.  15). Consequently, the ratio of 1 was used to differentiate the cracking 

Fig. 15  AF and RA characteris-
tics of AE hits during the three-
point bending test
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modes (Fig. 15); under this conditions, approximately 78% of the AE signals derived from 
tensile cracks. As an approximation, it is assumed that the number of AE hits is propor-
tional to the number of cracks. Consequently, tensile cracks accounted for 78% of the total 
micro-cracks during the three-point bending tests, which is in accord with the results of Liu 
et al. (2015). Note that only two kinds of cracks, i.e., tensile crack and shear crack, were 
assumed in the present study.

To avoid confusion about determining the ratio between the number of AE hits and the 
number of micro-cracks, AE hits during the rockburst were normalized. Consequently, the 
evolution process of tensile crack and shear crack can be quantitatively investigated. Due 
to the space limitations, only some results are given for illustrating the cracking process 
(see Fig.  16). All specimens seemly experienced a similar cracking process, i.e., tensile 
cracking occurred first and continued to propagate with a stable manner until shear crack-
ing initiated, and micro-cracks, including tensile and shear cracks, began to localize and 
developed in an unstable manner until failure occurred. Even after the shear cracks are gen-
erated, the growth rate of tensile cracks is still faster than that of shear cracks.

The last ratio of tensile cracks to shear cracks (T/S) after test was calculated, and the 
results are presented in Table 4. As a result, the number of tensile cracks can reach several 
times than that of shear cracks, and the use of bolt significantly changes the microscopic 
cracking mechanism. The ratio was significantly reduced due to the use of bolt, and it con-
tinues to decrease with the decreasing bolt spacing (Table  4). For specimen M1, T/S is 
approximately 7.77. However, when bolt spacing is 140, 100 and 80 mm (specimens M4, 
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M6 and M8), the ratio decreases to 6.79, 6.43 and 5.05 (Table 4), respectively. In general, 
bolting-induced confining pressure will be conducive to the occurrence of shear compo-
nent. Therefore, the trend of monotonic decrease for the T/S ratio (Table 4) suggests that 
bolt effectively restrains the tensile cracking, and the shear component increases with the 
use of bolt and it continues to increase with decreasing bolt spacing.

5  Discussion

It is generally realized that tensile cracks first occurred and continued to propagate with 
a stable manner (Brace et  al. 1966; Lajtai et  al. 1990), and it has also been reflected in 
Fig.  16. Under unconfined or confined compression conditions, coalescence of tensile 
cracks is considered to be consistent with the initiation of shear fracture (Martin and Chan-
dler 1994; Hajiabdolmajid et  al. 2002). In the present study, universal discrete element 
code UDEC (ITASCA Consulting Group Inc. 2011), in which the number of tensile cracks 
and shear cracks can be traced, was also used to help to elucidate the relationship between 
shear fracturing and coalescence of micro-cracks. Figure  17 presents the two numerical 
simulation results (the size of numerical specimen is 100 mm × 200 mm). As expected, we 
can clearly observe that the initiation of volumetric strain reverse or coalescence is consist-
ent with the initiation of shearing.

As presented in Fig. 16, shearing of laboratory specimens did not initiate until stress level 
of approximately 0.89 or more of the peak strength was reached (approximately 500 s, and 
the initial shear cracks are not considered in the present study). From the above analysis, the 
initiation of shear failure identified by AF/RA (Fig. 16) should correspond to the initiation of 

Table 4  Ratio between tensile 
cracks and shear cracks

– No information is available

Sample no. M1 M2 M3 M4 M5 M6 M7 M8

Bolt spacing (mm) 140 140 100 100 80 80
T/S 7.77 – 6.25 6.79 6.41 6.43 – 5.05
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coalescence of cracks or crack damage stress σcd identified with cumulative AE hits (Fig. 12 
or Table 3). Therefore, the stress for shear fracturing in Fig. 16, called σcd′, is obtained, and its 
ratios to σpeak are presented in Table 5. As a result, σcd′/σpeak in Table 5 shows a good consist-
ency with σcd/σpeak as presented in Table 3, indicating that it is feasible to quantify the crack-
ing mechanism using AE signals. The value of AF/RA and its resulting quantitative cracking 
mechanisms under differ bolting conditions are reasonable.

Noted that the ratio of AF/RA is related to the AE transducers, because different types of 
transducers have different frequency ranges, and this range affects the value of AF as well 
as AF/RA. Therefore, that the ratio of AF/RA is 1 may only be reasonable if the same rock 
materials and AE transducer used are used. Another point that needs to be pointed out is that 
there are few quantitative studies on tensile cracks and shear cracks in the three-point bending 
test of granite material. The present study can only refer to a small amount of literature and 
believes that tensile cracks occupy most (approximately 78%) of the micro-cracks in three-
point bending test of granite material. The quantitative study of tensile cracks and shear cracks 
in the three-point bending tests needs further research, which will help distinguish the AE 
information of tensile cracks and shear cracks.

6  Conclusions

Strainburst is one of the most common geological disasters, and considerable efforts had been 
devoted to understand it. Although bolt support was widely used to prevent the occurrence of 
rockburst, this violent failure is still frequent. Few studies have investigated the rockburst pro-
cess and mechanisms under bolt support conditions. In the present study, a representative rock 
element was introduced and tested with a true-triaxial loading stress path, maintaining one 
free face while loading on the other five faces, to reproduce in situ rockburst due to compres-
sive stress concentration. Based on high-speed cameras and AE system, the ejection failure 
process, failure intensity, characteristic stresses, failure mode and cracking mechanisms were 
investigated in detail. The main observations and conclusions are as follows:

1. Rockburst process under bolt support conditions is composed of grains ejection, splitting 
into plates, buckling to the point of rupture, and fragments ejection. However, the use of 
bolt significantly affects the ejection failure. When bolt spacing is large, the rockburst 
occurs in a weak area in the form of a localized damage after the bolt support; when 
the bolt spacing is reduced to a certain extent, the weak area will no longer be obvious 
and rockburst will pass through the bolt and even occur throughout the free face due to 
strong bolting effect. In addition, the maximum depth of the rockburst pit and the mass 
of the fragments are reduced with the use of bolt and decreasing bolt spacing. Therefore, 
the bolt plays an important role in the design of bolting in deep tunnels.

2. Rockburst under the bolt support conditions is more intense, but the intensity decreases 
with the decreasing bolt spacing under the bolt support condition. In any case, the rock-
burst possibility under bolt support should be given enough attention, because it may 
release more energy due to the role of bolt.

Table 5  Estimated threshold of σcd′ from cracking process (Fig. 16) identified with AF/RA method

Sample no. M1 M2 M3 M4 M5 M6 M7 M8

σcd′/σpeak 0.89 – 0.94 0.94 0.96 0.93 – 0.93



931Natural Hazards (2019) 97:913–933 

1 3

3. It was found that the with the use of bolt and the decrease in bolt spacing, crack initia-
tion stress, crack damage stress and peak strength increased and the cracking activities 
was retarded.

4. Macroscopic failure mode and microscopic cracking mechanism under bolt support 
are significantly different from that without bolt. With the use of bolt, tensile split-
ting becomes less obvious near the free face. Further, the tensile splitting continues to 
weaken with the decreasing bolt spacing. In addition, quantitative results based on ratio 
AF/RA show that the ratio between tensile cracks and shear cracks is lower with the use 
bolt, and it continues to decrease with the decreasing bolt spacing (i.e., shear cracking 
component gradually increases with the decreasing bolt spacing).

It should be noted that the bolt used in the present study is only a substitute of a real 
bolt, and the mechanics similarity and geometric similarity of bolt need further research. 
But we also believe that the results provide meaningful insights into rockburst characteris-
tics and mechanisms under bolt support conditions. In addition, we should also strengthen 
the study of in situ rockburst under the conditions of bolt support.
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