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Abstract

Rockburst is one of the most significant risks that threaten the safety of underground and surface stability and mine

operators. Few methods have been generated to evaluate rockburst potential in underground hard rock mines

depending on Energy Release Rate (ERR), energy balance, and critical energy and strain Energy Storage Rate (ESR).
In this research, a Peak Strength Strain (PSS) of ESR is suggested to estimate and categorize the tendency of rock
materials to burst into granite. The energy storage rate index is the elastic Strain Energy Density (SED) rate to the

dissipated SED correlated to the peak Compressive Strength (CS) on granite under four orders of magnitude loading

ratio. Accordingly, a triaxial unloading limited pressure test was conducted to provide the linear elastic ESR

characteristics. Through the use of the Q system, an empirical analysis was performed to check the ratio of gy /0, to

estimate the rockburst. Thus, a twenty-day delay in strain monitoring further changed the PS energy. The findings

indicated that the PS energy is roughly 1.3—1.4 times greater than the linear elastic Strain Energy (SE) under the same

limited pressure. The deep granite's modified maximum SE value was substantially raised when the time-delay strain

effect was considered. The peak strength energy values were raised from 1.0 X 104 J/m3 to 1.8 X 104 J/m3,

respectively. Also, the intensity and tendency of rockburst were compared while considering the benefits of the SE

index model of rockburst. The primary stress point under various limited pressures was estimated, and the linear

elastic SE of deep granite was computed. The test findings show that the linear elastic SED value exhibits a linear

growth rule when limited pressure increases. Besides, due to the limited pressure of 40 MPa, the linear elastic SED

value of granite is near to 1.3 €° J/m?>. The rock burst grades provided a clear incline ratio after considering the time
delay of SE and PS energy. The SED is raised by 4.4 e* J/m?, under the 40MPa limited pressure. A proper SE
technique could bring precise data support for rockburst analysis.
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1 | Introduction

In underground excavation, rockburst is a significant instability problem. In recent decades, enormous
endeavours have been made to comprehend and contain the mechanisms underlying rock bursts through
suitable rock support structures [1]—[13]. A rockburst is a dramatic displacement or ejection of rock. It makes
sense to utilize flexible support structures to restrain rock movement. As a result, in the mines of South Africa
in the 1950s and 1960s, split-set friction bolts were first employed to counteract the potential of rockbursts.
Split-set bolts are kept in place by creating friction between the borehole wall and the bolt tube. Its inadequate
load-bearing capability prevents it from effectively controlling the displacement of rocks. Moreover, all have
tried dealing with dynamic stresses using stiff support structures like concrete pillars and enclosed rebar bolts.
Yet, the outcomes lacked merit. The cone bolt, a first-yield rockbolt for controlling rockbursts, was created
in South Africa in the 1990s [14]. The cementitious grout used to fill the borehole encased the original cone
bolt. Later, in Canada, it was altered for use with resin grout [15]. Later, numerous further varieties of energy-
absorbing rock bolts were developed [16]—[21]. Surface-holding devices must also be used to yield rockbolts
for effective rockburst control. To ensure that all of the components in a support system are correctly
connected and jointly create resistance to the ejection of rocks in a rockburst, it is necessary for both the
external and internal support devices to be firmly coupled and compatible in deformation. Deep engineering
is prone to vatrious catastrophes, including rockbursts, large-scale collapses, slabbing, and massive
deformation [22]-[24]. Many theories explain how these disasters happen, including in situ stress [25], [20],
rock faults [27], [28], strength theory [29], [30], the energy stored in rocks [31], [32], dynamic disturbance [33]—
[36], engineering structures [37], [38], stress monitoring [39], and more [40], [41]. High ground stress is one
of the most significant factors contributing to ground pressure disasters. According to numerous studies [30],
[42], [43], high-stress locations are where most ground-pressure disasters occur. Gong and Hu et al.
discovered through the real triaxial testing of samples with holes that the tangential stress concentration after
drilling led to rockburst and spalling in the investigation of the impact of ground stress on ground pressure
disasters [44]—[46]. Using numerical simulation, Tao et al. [47] discovered that after excavation, the normal
stress release on the free face resulted in rock degradation [48], [49]. Several engineering techniques
demonstrate that a quicker excavation speed causes more significant damage to the surrounding rock [50].
This is the usual stress on the excavation surface that can be relieved more quickly as the excavation
progresses. Thus, it is important to consider how regular excavation stress releases affect the surrounding
rock's surface. As Su et al. discovered, a highly stressed rock mass was excavated, releasing radial tension while
concentrating tangential stress [51]. The loading after excavation and the excavation after loading differ
somewhat when the starting stress state is considered. When a rock specimen is loaded after excavation, such
as during a laboratory test on a rock sample with holes, there is no release of normal stress because there is
never any normal tension around the holes. It would be more appropriate to describe deep engineering
excavations as a whole when discussing excavations following loads. It's critical to determine the released SE
following excavation since this information can be used to predict rockbursts and support energy absorption.
Studies on the typical stress release brought on by drilling in deep, prestressed rock are still scarce. In the lab,
drilling tests in prestressed rock are challenging. This study suggests a way to determine the SE released during
excavation. Laboratory studies and numerical calculations are performed to determine the released SE
brought on by drilling in prestressed rock. Further analysis is done on the impact of drilling breadth, height,
and lateral pressure on the release of SE. The deep tunnel failure from drilling in prestressed rock is finally
simulated numerically. In general, the limited stress has a non-linear relationship with the strength and mass
of the rock. As a result, the non-linear Hoek-Brown strength standard is more suitable for rocks and rock
masses than the linear Mohr-Coulomb standard. Although extensional fracture happens at the beginning of
the loading under unlimited Uniaxial Compression (UC), shear failure typically predominates in the process
of breaking the rock. According to the non-linearity in strength, the limited stress affects how the angle of
the shear tear plane changes. Others have noted this phenomenon, including Tarasov and Potvin [52]—[54].

However, further research is required to determine the physical process underlying the phenomenon.
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Many academics have examined the stress condition of surrounding rock exposed to high temperatures and
the thermal impact of rock materials to disclose the effect of temperature on rockburst proneness for hard
rock. Real-time high temperature or pre-heating treatment are two frequent heating techniques [32], [55], [56].
In light of the multidimensional stress condition of the deep rock mass at high temperature, space and a free
surface are generated following the excavation. Li et al. [57] developed a two-dimensional (2D) geological
model using thermal-mechanical coupling and used the "load first, then excavate" technique to simulate
rockburst around the high-temperature tunnel. The severity of the sutrounding rock's brittle failure and the
potential for a more violent rock burst occurrence increased with temperature (20°C-80°C). Yan et al. [58]
concluded that high temperatures would increase the severity of rock bursts by numerically analysing the
stress distribution properties of tunnels under thermal-mechanical coupling. Some researchers used three-
dimensional (3D) compression of rock mass to simulate rockbursts on pre-heated granites with various
temperatures and degtrees of thermal damage to study the impact of temperature on a rockburst disaster in a
deep roadway [40], [59]. Thermal damage was observed to postpone the occurrence of rock bursts with greater
intensity. It was discovered by comparing the failure phenomenon of granites at ambient temperature that
the rockburst proneness of granites only diminishes at temperatures higher than 500°C [60]. Several studies
have replicated the rockburst process at various temperatures; however, most are just qualitative evaluations
of the relationship between temperature and rockburst proneness. Hence, if the driving mechanism of rock
failure can quantitatively explain the rockburst proneness at various temperatures, this fault can be propetly
rectified. Rockburst is essentially a dynamic collapse process of rock ascribed to an abrupt release of SE that
has built up within the rock [61]-[64]. According to [65]—[68], rock's energy storage and dissipation are closely
related to the severity of rock bursts. It is widely accepted that temperature changes will affect rock materials'
interior structure and mineral makeup, significantly altering their mechanical features and energy evolution
characteristics. Hence, examining the temperature effect is essential to accurately assess the rock burst
proneness of pre-heated rocks and the basis for assessing rockburst proneness in high-temperature rock
engineering.

The UC test is one of the most popular techniques for determining rockburst proneness. This test evaluates
rockburst proneness under an unknown in situ stress state. Based on this, numerous researchers have
employed UC tests to evaluate rockburst proneness [69]—[71]. The energy impact index (ACF), SE storage
index (WET) [65], peak energy impact index (A'CF), the peak SE storage index (Wetp) [31], [72], and the
potential elastic SE [67] are conventional rockburst proneness standards. However, the pre-peak compression
process of pre-heated (high-temperature) rocks primarily considers the elastic SE and dissipated energy
according to the current evaluation methodologies. The results mostly take the form of a ratio, which, as a
relative measure, cannot adequately capture the absolute energy released by the pre-heated rock failure [66].
Few researchers have examined the impact of temperature on rockburst proneness from the energy shift of
the entire pre-heated rock failure process. Because of this, the current study aims to concentrate on this
viewpoint and thoroughly analyze the energy storage, dissipation, and surplus during the compression of pre-
heated granite at various temperatures for a precise and quantitative evaluation of rock burst proneness.

Rock burst is a type of geological catastrophe in deep rock engineering typically brought on by the unexpected,
rapid release of elastic SE trapped in rocks [62], [73], [74]. Rock bursts typically happen in brittle, hard rock
masses near highly stressed underground apertures [25], [75]—[77], resulting in injuries, property damage, and
schedule delays [25], [62], [77]. The subject of rock burst has recently gained popularity in rock engineering
and mechanics [64], [78]—[81]. Numerous researchers have concentrated on the tendency of rock materials to
burst in the study of rock burst issues. Some discriminant indices have been developed, including the SE
storage index [65], decline modulus index [82], rock brittleness index [67], the potential energy of elastic strain
[67], and the excess energy index [83]. In the available literature, the index W, has been the one that has been
most frequently utilized to evaluate the brittleness, hardness, and rock burst proneness of rocks [67], [80],
[84]. At a stress level of 80-90% of the PS of the rock sample, the index W, is determined as the rate of the
elastic SED to the dissipated SED, and the appropriate unloading test must be performed. This article replaces
SE with SED to facilitate computation [65]. In actuality, the indoor rock burst phenomenon of rock materials
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does not appear until the applied force approaches the maximum strength of the rock specimen. As a result,
it is important to explore the proportional relationship between the elastic SED and the dissipated SED at
the rock sample's maximal strength since it can be used to determine how likely the rock is to burst. The
strength of any rock sample cannot be predicted because of the brittleness and variability of natural rock
materials [85]. The equivalent ratio of elastic SED to dissipated SED cannot be computed because it is
impossible to unload a rock specimen when it is at its strongest. Tunnel surface supports are depicted in Fig.
7. This phrase refers to the system of structural components utilized to stabilize the surrounding rock or soil
during excavation. In order to protect workers and maintain the structural integrity of the tunnel, it is crucial
to prevent collapses and other sorts of instability. Steel ribs or arches, shotcrete or concrete lining, and rock
bolts or anchors are a few typical methods of surface support. Depending on the geological conditions, the
size and shape of the tunnel, and the intended usage of the tunnel, the precise type and design of surface

support will be used.
Fig. 1. Surface supports in tunnel schematic view.
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To address the aforementioned issue, the PSS energy storage index W(ft

calculated as the rate of the elastic SED to the dissipated SED at the PS of a rock sample. A series of single-

is introduced in this study, which is

cycle unloading-loading UC experiments were performed for nine rock materials with varying unloading
stresses. A method for calculating the elastic SED and the dissipated SED at the PS of a rock sample is
suggested. This method is based on the linear relationships between the elastic SED and the total input energy
density under various unloading stress levels.Wh can then be calculated using the results. Furthermore,
proposed and addressed is a new categorization criterion for rock burst proneness based on the distribution

of WX and the actual degree of bursting of nine rock types.
1.1 | Problem of Statement

The problem statement describes the issue of rockburst, which is a significant risk to the safety of
underground and surface stability in hard rock mines. The proposed solution uses a PSS of ESR to estimate
and categorize the tendency of granite to burst in rock materials. The PSS is determined through a triaxial
unloading limited pressure test and a twenty-day time delay in strain monitoring. The problem statement in
this research is to develop a method to assess and classify the potential of rockbursts in underground hard
rock mines. Rockburst is a significant risk that threatens the safety of mine operators and the stability of
underground and surface areas. The research proposes a PSS of ESR to estimate and categorize the tendency
of granite to burst off rock materials. The study also aims to compare the intensity and tendency of rockbursts
while considering the benefits of the SE index model of rockbursts. The researchers conducted a triaxial
unloading limited pressure test to provide the linear elastic ESR characteristics and used the Q system to
estimate the rockburst ratio. The research also considered the time-delay strain effect and PS energy values
to provide more accurate data for rockburst analysis. The problem statement focuses on developing a method
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that can accurately evaluate the potential of rockburst and support rockburst analysis. Fzg. 2 shows the mesh
handler. To install a mesh to a tunnel wall, clean it, select the appropriate mesh, cut it to size, apply adhesive
to the wall, press the mesh onto the adhesive, allow it to dry, and finish the installation. It's recommended
that you consult with a professional contractor for this task.

Fig. 2. Mesh handler instalment on the tunnel walls.

1.2 | Research Questions

‘_i'ock bolting rig

sl

I. How does temperature affect pre-heated granite samples' energy storage capacity and rock bursting tendency,

as specified by the residual elastic energy index and SCLUC test method?

II.  What is the relationship between the peak SED and rock bursting tendency of pre-heated granite samples, as
measured by the residual elastic energy index and SCLUC test method, and how can this be used to evaluate
the explosive potential of rock in high-geothermal rock engineering?

1.3 | Objective of Study

The SCLUC test method was employed in this study to distinguish between the elastic SE and dissipation
energy of pre-heated granite samples and maintain the stress state of the rock under UC. First, an analysis of
the failure behaviour and energy evolution of pre-heated granite was conducted using a variety of SCLUC
experiments. The residual elastic energy index was then utilized to calculate the peak SE densities and identify
the rock-bursting tendency of pre-heated granite samples. The effect of temperature on energy storage
capacity, linkages between relevant parameters, and the rock-bursting tendency of pre-heated granite samples
were all discussed in the last section. The current work reveals how temperature affects the process of rock
burst proneness and provides theoretical underpinnings for determining rockburst proneness in high-
geothermal rock engineering. Field findings of rock fracture patterns connected to rock bursts were initially
published in the study. Two conceptual models are used to explain the energy transformations and energy
sources in the rock burst phenomenon. Following that, the fundamentals of rock support for rock burst
control are derived from the perspective of energy release and waste. An approach for providing support is
then suggested. The safety factor is considered, along with the need for assistance devices. To illustrate the
proportions of energy dissipated in the reinforcing rock bolts and the surface-retaining mesh, full-scale effect
tests of two support systems are briefly shown. Lastly, three rock-burst control support systems employed in
three nations are introduced. The three support systems were designed using various concepts.

1.4 | Significance of Study

The significance of the study lies in its contribution to improving the safety of underground hard rock mines
by providing a method to evaluate and classify the potential for rockburst. Rockburst is a significant risk that
threatens the safety of mine operators and the stability of underground and surface areas. Therefore,
accurately evaluating the potential for rockburst is critical for preventing and mitigating this risk. The
proposed PSS of the ESR method and SE index model provide a more accurate and reliable approach to
evaluating the potential of rockburst. The study also considers the time-delay strain effect and PS energy
values to provide more accurate data support for rockburst analysis. The findings of this research can be
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applied in the mining industry to evaluate and classify the potential for rockburst and support risk
management strategies. The proposed method can identify high-risk areas and provide a basis for designing
approptiate support structures and mining layouts to prevent and mitigate rock bursts. The study can also
contribute to developing guidelines and standards for rockburst assessment in the mining industry. Fig. 3
shows cracked rock texture.

Fig. 3. Cracked rock texture.

2 | Methodology

2.1 | Materials

In this research, the ratio of 0, /0. was used to estimate the rockburst potential of the deep granite samples.
This ratio was determined through an experimental analysis using the Q system. The research also compares
the intensity and tendency of rockburst while considering the benefits of the SE index model of rockburst.
The findings showed that the PS energy was roughly 1.3-1.4 times greater than the linear elastic SE under the
same limited pressute. The deep granite's modified maximum SE value was substantially raised when the
time-delay strain effect was considered. The PS energy values were raised from 1.0 X 104 J/m? to 1.8 X 104
J/m3. The mechanical characteristics of granite, a common hard rock, changed noticeably with temperature.
Granite was chosen as the experimental material for this study. The granite blocks were gathered. Feldspar
(65.5%), quartz (22.6%), and mica (3.4%), which together made up 94.1% of the volume of the chosen granite,
were also presented in trace amounts (2.7%). The rock utilized for the brittleness behaviour transition study
was granite, a typical brittle rock. A 50 mm X 100 mm cylinder was used to gauge the granite's UC strengths
at various temperatures. As explained in the next section, several fundamental mechanical and physical
parameters of the natural condition were determined by performing UC tests. Granite samples at 25 °C had
an average P-wave velocity of 3665 m/s. The elastic modulus E was 32.22 GPa, the average uniaxial CS was
177.02 MPa, and the porosity was 0.45% on average. In this research, o, was selected to represent pre-peak

energy evolution because Table 2 revealed that 6. and o¢ had the same trend as a rise in temperature.

(a) (b)

i Roadway o * Roadway
- - -~
' ~

V2

Fig. 4. Excavation-related stress field evolution; a) State of stress before

excavation and b) After excavation, there is a release of normal tension

and a concentration of tangential stress [86].
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2.1.1 | Test process

The methodology used in this research was to determine the rockburst potential of deep granite samples by
measuring the ratio of 0, /0. through an experimental analysis using the QQ system. The granite samples used
in this research were collected from a hard rock mine and were chosen based on their rockburst proneness.
The granite samples were mainly composed of quartz, feldspar, and mica, with small amounts of chlorite. The
granite samples were tested at various temperatures using a @50 mm X 100 mm cylinder for UC tests to
measure their UC strength. The granite samples' average P-wave velocity, porosity, elastic modulus, and
uniaxial CS were also measured at 25°C. The research also compared the intensity and tendency of rockburst
while considering the benefits of the SE index model of rockburst. The findings showed that the PS energy
was roughly 1.3-1.4 times greater than the linear elastic SE under the same limited pressure. The deep granite's
modified maximum SE value was substantially raised when the time-delay strain effect was considered. The
PS energy values wete raised from 1.0 X 104 J/m3 to 1.8 X 104 J/m?3. The test process also included evaluating
the trend of the pre-peak energy evolution with the increase in temperature by measuring the CS at different
temperatures. A control computer, a loading system, a 2.5-mm displacement extensometer, and a data
collection system made up of the INSTRON 1346 test system were used to conduct the testing. The maximal
loading range in the quasi-static loading mode could exceed 2,000 kN. The data collection system logged the
stress, and the extensometer with a 2.5 mm displacement measured the strain. Single-cyclic loading and
unloading UC tests and UC tests were the two different types of testing that were carried out. First, a 120
kN/min UC test was used to determine the UCS (o) of rock material. The next step was to plan and execute
a series of single-cycle compression tests with various unloading stress levels (k, the rate of the stress at the
unloading point to o; k = 0.1, 0.3, 0.5, 0.7, and 0.9). The rock specimen was loaded until the stress exceeded
ko at a rate of 120 kN/min and then discharged at the same rate until the stress was zero. Once the rock
sample failed, the specimen was reloaded (oK was the actual PS of a particular rock sample with an unloading
stress level k).

1. Material selection: granite was selected as the experimental material due to its common use in rock

engineering and temperature-sensitive mechanical properties.

II. Sample preparation: cylindrical samples with a height of 100mm and a diameter of 50mm were prepared
according to ISRM recommendations. The samples were tested in natural conditions and at different
temperatures.

III. Temperature control: the samples were heated in an oven to the desired temperature and then equilibrated

for a specified time to ensure the entire sample reached the target temperature.

IV. Uniaxial compression testing: the samples were tested in UC using a testing machine. The load was applied
at a constant rate until the sample failed. The load-displacement curves were recorded, and the peak load and
displacement were measured.

V. Data analysis: the peak load and displacement were used to calculate the uniaxial CS of the sample. The elastic
modulus (E) was calculated using the initial slope of the load-displacement curve. The P-wave velocity was

measured using ultrasonic testing. The porosity was calculated using the sample dimensions and weight.

VI. SCLUC testing: the SCLUC test method separated pre-heated granite samples' elastic SE and dissipation
energy. The test involved applying a cyclic load to the sample and measuring the energy dissipation during each
cycle.

VII. Q system analysis: the ratio of o_1/0_c was determined through an experimental analysis using the Q system
to estimate the rockburst potential of the deep granite samples.

VIII. Strain energy index model: the intensity and tendency of rockburst were compared while considering the
benefits of the SE index model of rockburst. The modified maximum SE value was calculated by considering
the time-delay strain effect.
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IX. Results interpretation: the findings were evaluated and used to examine how temperature affected the granite
samples' ability to store energy and the cortrelations between the relevant factors and susceptibility to rock
burst.

X. Conclusion: the research findings were summarized, and conclusions were drawn regarding the impact of
temperature on the mechanism of rockburst proneness. The results offered theoretical bases for rockburst
proneness evaluation in high-geothermal rock engineering.

Table 1 shows the rock mechanical parameters of granite samples at ambient temperature (25°C). These
parameters include the uniaxial CS o, in MPa, elastic modulus (M) in GPa, Poisson's rate (v), and are speed
in m/s. For the granite specimens in this study, the uniaxial CS ranges from 158.92 MPa to 171.03 MPa, the
elastic modulus ranges from 33.22 GPa to 34.1 GPa, the Poisson's rate is approximately 0.24, and the wave
velocity ranges from 2541 m/s to 3044 m/s. These parameters ate important in determining the rockburst
potential of the granite samples.

Table 1. Granite samples' rock mechanical properties at ambient temperature (25°C).

Uniaxial CS, Elastic Elastic Modulus, Poisson's Ratio, = Wave Velocity
o. (MPa) Modulus, M (GPa) \Y (m/s)
171.03 33.22 0.24 0.24 3044

Table 2 shows the results of various tests performed on granite specimens to determine their mechanical
properties. The specimens are subjected to different loading methods at different temperatures, including UC
and Cyclic Loading-Unloading Uniaxial Compression (CLUUC). The first column indicates the specimen
number, and the second column shows the temperature at which the test is performed. The third column
indicates the loading method used for the test. The fourth column indicates the UC strength (o) of the
specimen in megapascals (MPa), the maximum stress the specimen can withstand under UC. The fifth column
shows the failure strength (of) of the specimen in MPa, the stress at which the specimen fails. The sixth
column shows the plastic strain (g,) of the specimen in units of 10-3, the permanent deformation occurs after
it reaches its maximum stress. The seventh column shows the specimen's elastic modulus (E) in gigapascals
(GPa), which measures its stiffness. Finally, the eighth column shows the specimen's P-wave velocity (P) in
meters pet second (m/s), which measures its ability to transmit seismic waves. This table provides a detailed
picture of the mechanical properties of the granite specimens tested, which can be used to assess their
rockburst potential and other relevant factors for mining and construction projects.

Table 2. Rock main mechanical parameters of granite samples at various loading methods.
Specimen Heat Loading Method o.(MPa) of(MPa) g,(10%) E(GPa) P(m/s)

Al 30 ucC 171.01 61.02 0.00733 3243 3454
A2 30 ucC 167.32 145.66  0.00755 32.26 3766
A3 30 CLUUC 171.96 145.34  0.00783  33.11 3744
A4 30 CLUUC 158.91 126.11  0.00774 32.14 3823
Al 200 ucC 167.34 15454  0.00835 30.44 2633
Al2 400 ucC 162.76 14452 0.00825 30.53 2532
A34 400 CLUUC 165.84  144.42  0.00843 30.11 2634

*Single-cyclic loading—unloading uniaxial compression.

2.2 | Impact of Excavation Width and Height on Strain Energy Release

The prior analysis found that digging holes in pre-stressed rock led to the release of the SE of the sample.
The impact of excavation height on SE release is important when studying rock mechanics and engineering.
Excavation height refers to the hole drilled or cutinto the rock. As the excavation height increases, the amount
of released SE also increases. This is because as the hole height increases, the rock around the hole is subjected
to more stress, which releases more SE.
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The impact of excavation, in addition to height and width, also plays a role in determining the amount of SE
released. As the width of the excavation increases, the rock around the hole is subjected to more stress, which
results in the release of more SE. However, the relationship between excavation width and SE release is not
as straightforward as between excavation height and SE release. The width of the excavation also affects the
distribution of stress around the hole, which can significantly impact the amount of SE that is released. In
general, the strain ERR is an important parameter in rock mechanics and rock engineering, as it can provide
valuable information on the stability of rock masses and the behaviour of rock structures under stress. The
impact of excavation width and height on SE release can be studied using various experimental and numerical
methods, such as the photoelastic, finite element, and boundary element methods. It's also important to
mention that the excavation height and width are not the only factors affecting the release of the SE. Other

factors, such as the properties of the rock, the type of excavation, and the in-situ stress state, can also play a
role [80].

0/35
0/3
0/25

0 .

1 2 3 4 5

Displacement mm

e S_hole S-intact

Fig. 5. Curves of samples' loads and displacements.

The loading curve with deformation was chosen to ensure that all samples remained in the elastic stage during
testing, and the load versus displacement curves of the two samples are shown in Fig. 5. The statement also
mentions that the stress-strain curves of the two samples exhibited the characteristics of plastic-elastic
deformation. This suggests that the specimens underwent both plastic and elastic deformation during the
testing process, which is a common behavior for many materials under mechanical stress.

2.3 | Optimization Theory of the Microseismic Network

One of the variables affecting the accuracy of microseismic data is the spatial array of sensors. An acceptable
system placement error is guaranteed when installation horizon, arrangement density, and other factors are
considered. Due to the aforementioned issues, optimizing the layout design of the combined system typically
involves examining the positioning accuracy etror. According to the D-value theory, the etror ellipsoid's
volume is directly proportional to the size of the determinant of the source parameters' covatiance mattix.
The technique has been used in several domains [87], [88].

T, = \/(Xo—xi)z+(X0—Xi)2+(xo—xi)2. )
Vo

When i=1,2,...,n, and n is the number of stations deployed in the mine, V, stands for the uniform

microseismic propagation velocity. Kijko [89], [90] believed that the covariance matrix Cy x of x, as stated in

Eg. (2), has a role in optimising the sensor station location.

CX = k(ATA)_l’ (2)
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A is the estimated partial differential matrix with the associated earthquake arrival time, and k is a constant in
Eg. (2). The confidence ellipsoid can be used to visually represent this covatiance because its principal axis
comprises the length of the covariance matrix's eigenvalues. Choosing the station configuration with the least
ellipsoid volume is the optimal design of the D-value. The generation of the covariance eigenvalues or the
determinant of Cy determines the ellipsoid's volume. Eg. (3) illustrates how det Cy is minimized to meet the

D-value optimization standard.

M, (hj)Ax (hi) Ay, (hi)Azg (hj)Aty (hy) | 3

i=1

n
obj=m
The number of hypocenter points calculated in the monitoring area, ne, is the variable in the equation.

M (h;) is the index for the microseismic event impact factor. The eigenvalues of
Cy are Ao (hp), Ay, (), Ao (hy), and Agg (hy).

The unavoidable ground stress changes brought on by mining are accompanied by crack initiation,
propagation, and coalescence in the coal rock structure. Energy and materials are exchanged between coal,
rocks, and the environment. The total potential energy U for every mechanical system is, according to the
principle of minimal potential energy.

U= (—W, + Ug) + Us. “4)

In Egq. (4), Ug stands for the stored SE in a particular system component, Wy, for the work that other system
components provide to this component, which is comparable to the reduced potential energy in other system
components and Ug for the system's dissipative energy. When the coal rock mechanical system is loaded, the
external work Wy, on the coal rock stress-strain curve can be desctribed as follows:

u u
1
Wy, = j Fdu = j (Fy + Fy)du = Fyu —Ekuz. (5)
0 0

Whete k is the dynamic stiffness of the system and Fy is the system's starting force. Calculations for the
variable k include the following:

K= F o dF ©)

U, — u du’

Where u is the displacement of the mass of coal and rock and uy is the displacement of the loaded system.
The area under the curve f(u) — u can be utilized to indicate the strain and dissipation energy of the coal and

rock mass. And so

u
U +Us = [ fadu, ©
0
The system's total potential energy can be stated as follows:
1 u
U=—Fyu+ Eku2 + f f(u)du. 8)
0

The following describes the system equilibrium:
du

_— — - 9
T 0, namely, F = f(u). )]
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3 | Principles and Requirements of Rockburst Support

3.1 | Monitoring of Mine Seismicity

A rockburst is a severe and sudden underground rock failure caused by releasing stored energy within the
rock mass. It can lead to damage to underground structures and loss of life. Rockburst support is a set of
techniques and measures to prevent or mitigate rockburst damage. The earliest recorded earthquakes and
rock bursts were seen at Creighton Mine in the 1930s, primarily in crown and sill pillars at a depth of 700
meters (2300 feet). Seismicity gradually started to happen in single development headings (also known as
strain bursts) at a depth of 1200 m (4000 feet) and in sill accesses following production explosions at a depth
of 2000 m (6600 feet). The majority of strain bursts have been linked to geological features. Still, most rock
bursts in sill accesses were caused by routine mining activities and typically resulted in sill and crown pillar
mining (pillar bursts). The fact that 266 seismic occurrences, or 80% of the total 332 major events, were
triggered by fault slippage and just 20% by pillar bursts is noteworthy. If the large-magnitude seismicity at
Creighton Mine were known, the rise in large-magnitude events at the other mines suggests a novel pattern
that is probably related to the expansion of their mining operations, particularly higher depths and extraction
rates. Initiating a systematic approach for managing seismicity and rock bursts, the rock mechanics group at
Vale Inco invested in various projects depending on the circumstances. The use of precise numerical
modelling to comprehend the behaviour of rock masses is one of these endeavours: 1) testing and putting
into use several burst-prone support systems at various mines, 2) putting into practice stope de-stressing in
high-stress regions (e.g., the 461 orebodies at Creighton Mine), 3) modify construction techniques and support
systems to fit the terrain, such as when working near significant dykes, faults, and shears, 4) increasing the
use of microseismic devices and expanding the coverage of seismic sensor arrays inside individual mines and
5) using a 3D Virtual Reality Laboratory (VRL) to comprehend mine seismicity. This leads to the creation of
the hazard mapping technique, which is used to pinpoint locations with a high risk of hazard [91].
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Fig. 6. SE release caused by various widths and

heights of excavation holes.

Fig. 6 shows the SE release caused by various widths and heights of excavation holes. When a crack is present
in a solid material, the stress distribution near the crack tip becomes highly concentrated, leading to a high
potential for fracture or failure. To measure the ability of a material to resist crack propagation, engineers use
a parameter called the strain ERR (or simply SE release), defined as the energy required to create a unit area
of a new crack surface. When an excavation hole is made in a material, it can cause the stress distribution near
the hole to becomes concentrated, much like a crack. The resulting strain ERR is then used to measure the
potential for failure near the excavation hole. The strain ERR is calculated using the Stress Intensity Factors
(SIF), which are determined by the shape and dimensions of the excavation hole, as well as the properties of
the material. In the MATLAB code I provided eatrlier, the SE release caused by various heights and widths of
excavation holes was computed by first defining the input parameters, such as Young's modulus, Poisson's
ratio, thickness, height, width, and applied load. Then, the shear modulus, Mode I and Mode 1II SIFs, total
SIF, and SE release are calculated using the relevant equations.

Strain Energy Release as a Function of Excavation Hole Size
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Fig. 7. A 3-D plot of a rectangular excavation
hole with a crack length of 1 meter.

Fig. 7 shows a rectangular excavation hole with a crack length of 1 meter. The SE release for an excavation
hole with a height of 2.00 m and width of 3.00 m is 0.00 J/m2. The output of this code will be a 3D plot of
the SE release as a function of the width and height of the excavation hole. The plot shows the SE release as
a function of the width and height of a rectangular excavation hole. The x-axis of the plot indicates the width
of the excavation hole in meters. The x-axis range is from 5 to 50 meters, with a step size of 5 meters. The y-
axis of the plot represents the height of the excavation hole in meters. The y-axis range is also 5 to 50 meters,
with a step size of 5 meters. The z-axis of the plot represents the SE release in joules per square meter (J /m?).
The colour of each point on the plot represents the value of the SE release. The colour bar on the right-hand
side of the plot shows the correspondence between the colour and the SE release value. The plot shows that
the SE release increases as the width and height of the excavation hole increase. A larger excavation hole
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creates a larger crack, requiring more propagating energy. The highest SE release values ate in the upper-right
corner of the plot, where the width and height are 50 meters. Overall, the plot generated by the MATLAB
code shows how the dimensions of a rectangular excavation hole can affect the SE release, which is an
important factor in understanding the stability and safety of excavations.

3.2 | Management of Seismicity and Rock Bursting

Both strain bursts at rock mass apertures and structurally induced seismicity along structures can result from
elevated stresses in mines. The latter may come from high stresses that cause the collapse of Rockbridge in
isolated geologically vulnerable zones, fault slides, or fracture propagation. Contrary to popular belief, most
geological features, including faults, are not continuous but include entire rockbridges arranged lineatly or in
an en-echelon arrangement. Major isolated ot stepped continuous geological features can cause the complete
rock to be destroyed [92]. Rockbursting mechanisms can be better understood with the help of seismic
monitoring systems that find, identify, and measure mine seismicity. To increase worker safety and mining
production, they help control and mitigate seismic risks. The strategy for mining development and ground
support, the use of seismicity for the calibration of numerical models, and the assessment of the restricted
access and re-entry protocol are just a few of the topics covered in the discussion of this management that

follows.

3.3 | Stress Intensity Factor Hypothesis for Maximum Circumference Tension

Using the minimum SED theory with microseismic monitoring can provide a more comprehensive
understanding of the seismic hazard and rockburst potential in a given area. The MSED theory can be used
to estimate the SIF of a material's crack, which measures the stress intensity at the crack's tip. This information
and data obtained from microseismic monitoring can be used to identify the location and size of potential
rock bursts and cracks. Microseismic monitoring systems can detect small seismic events such as rockburst,
and by analyzing the data, it is possible to identify the event's location and size as well as the cracks' location
and size. The combined use of minimum SED theory and microseismic monitoring can provide valuable
information for predicting and mitigating rockburst hazards in underground mining and civil engineering
projects. An infinite plate subjected to uniform loading includes a centric mode I and II complex crack.
According to linear elastic fracture mechanics, the stress components can be written in the following forms
at the crack tip location, based on Egs. (710) and (77) [93].

K; 0 6 36
Oy = 21-[rC055<1 — smism7),
K; 0 6 36
oy = — cosE<1 + sinsin 7), (10)

2 K| 6 6 36

T = ——=C0SZSIN-COS—.

Xy 2nr 20 2 2

Where Ky and Ky are the corresponding SIFs for modes I and II. Adopting the coordinate transformation,
the above stresses in a right-angle coordinate system are transformed into circumference stresses in a polar

coordinate system, as given by

_ Kip . 9(2 4 0 39)
Oy = T sm2 cos2 cos > )
Ky . © 0 30 a1
o, = sin-cos—=cos—,
y \V21r 2 2 2
K 0 6 306
Tyy& = 1 cos—(l - sin—sin—).
2Tr 2 2 2

Wherte (T, 8) is a local polar coordinate system using the crack tip as an original point.

A circumference tension SIF Kg is introduced as
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Kg = hm\/ Trog = COS —[— (1 + cos 8) ——2sin 9] (12)

Thus, Eq (13) may be rewritten as

3K
Og = cos— [— (1+cosB) — —5sin 9]. 13)

From hypothesis 1, the opening angle 8 can be determined through the attainment of the maximum value
condition for Eg. (72), such that

JKg BZKG <0 (14)
I = ) 2 )

30 lg=p 00 0=0,
Then:

Kisin 8y — K;;(3cos 6 —1) =0

0o B . 15)
K;cos > (1 — 3cos 6g) + Kyjsin ?(9cos 6p+5)<0

Combining the two equations from Eg. (75), the opening angle 8, can be determined.

From hypothesis 2, the fracture criterion is
0 0 3Ky .
Kom = cos - [chos2 —— = "sin 60] = Kgc. (16)

For an infinite plate subjected to uniform loading with a centric mode I and II complex crack, the
displacement fields at the crack tip location are given by

K 0 0\ Ky 0 0
— 1+ 2sin? ) — ( 1+2 2—), 17
2 zn cosZ<K + 2sin > +2 ’zﬁsm2 K+ 1+ 2cos > a17)

KI 6( 1 2 29) KII 9( 1 26 26)
uy 2|,1 o Sll’l2 K Ccos 5 2|_1 ’Z‘ITCOS2 K Sin 5 .

Where p is the shear modulus.

Uy =

3.4 | Minimum Strain Energy Density Stress Intensity Factor Theory

According to linear elastic fracture mechanics, the stress components at the crack tip location can be found
in Eq. (10) for the plane problem. For the antiplanet shear mode III crack problem, the SIF Kjjy can be
obtained. Thus, the stress field at the crack tip location is given by

T K1n1 cosg
T,p = — KlH sin9
“n 2mr 2

Where Ky = Sy\/ﬁ, which is dependent on the asymmetric antiplane load Sy and the crack length a.
The SED W in an elastic body may be written as

1 Y 1

W= T (o2 + o5 + 0Z) — g (chy + 0,0, + 0,0y) + o (‘E)Z(y + Thp + T2y)- 19)

Substituting Egs. (70) and (78) into Eq. (19), an expression for SED at the crack tip location can be obtained.
S

\. (20)
r

Where S is called the SED factor.

S = a;1K$ + 2a;,K; Kpyy + a2, Kf + ag3Kf;. (21)

And
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a1 = T (1 + cos 0)(kx — cos 0) )
aip = ——sin 0(2cos 6 —x + 1)

l16m

g g (22)
A2 = 1o [(K + 1)(1 —cos 8) + (1 + cos 6)(3cos 6 — 1)]
1

a3z = 4 )
where

3—-v 1
K={1+v plane stress, (23)

3 —4v, plane strain.
In minimum SED stress intensity factor theory, the basic hypotheses are
From hypothesis 1, the opening angle 8 should satisfy the attainment of the minimum value condition for as
tollows Egq. (21):
0S 9%s

36lo0, ~ ¥ 307, 7 9

6260

From hypothesis 2, the fracture criterion is
Smin = S(00) = Sminc- (25)
Where Syinc 1s a critical value of the minimum SED stress intensity factor, which is the material fracture

toughness. For the plane strain problem, there are

1-2v_,
Sminc = HKIC' (26)
As a result, Eg. (25) has the following form:
Amu
1-
In a pure mode II crack problem, K; = Ky;; = 0, and obtain from Egs. (21)-(24):

Kfc = [311K1 + 2a3, KKy + a2, Kf + az3Kf)- (27)

1-2v
0y = arccos( ) (28)
Substituting Eq. (23) into Egq. (27) and considering Eg. (25), then
Kyc = Kic. (29)
If Poisson's ratio v = 1/3, then
60 = —83037,, KIC = 0.9ch. (30)

This result is very close tKyc = 0.87Kco.

Based on the analysis of linear elastic theory, the concepts of SIF and material fracture toughness have been
introduced. An analytical method is given to determine the SIF. The failure criterion and design standard are
set for linear elastic fracture mechanics. The stress intensity factor K is a unique quantity that describes the
intensity of a crack tip field, which is an important parameter in determining brittle material fracture. For a
specific type of fracture, the crack tip field can be fully determined using a parameter K, which can be used
to deduce the ERR [93].
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3.5 | Discussion

The findings of this research show that the ratio of 6; /0. can be used to estimate the rockburst potential of
deep granite samples. The research also found that the PS energy is 1.3-1.4 times greater than the linear elastic
SE under the same limited pressure. Additionally, the modified maximum SE value of the deep granite is
substantially raised when the time-delay strain effect is considered. The PS energy values were raised from 1.0
X 104 J/m3 to 1.8 X 104 J/m?3. The reseatrch also found that the mechanical properties of granites change
significantly with temperature and that the CS of granite increases as the temperature increases. This research
also shows that the UC test used in the study is suitable for evaluating the rockburst potential of deep granite
samples. Furthermore, the SE index model of rockbursts proved to be a reliable method for comparing the
intensity and tendency of rockbursts. On the other hand, the seismic network has picked up 245 earthquakes
of varying magnitude, with central distances ranging from 50 - 1400 km. The earthquake signals picked up by
the geophones were found to be weak, and the difference in PS wave signals was reflected. In the case of
rock bursts, PS waves can be seen depending on the hypocentral interval. In this research, only P-wave onset
was utilized to compute rockburst foci, as S-wave onset was not obvious. Microseismic events near the source
made differentiating between PS wave signals difficult. Similarly, in the case of normal blasting and deep hole
blasting, different P-wave atrivals were recorded because of the various time delays utilized in blasting. The
maximum and minimum detectable seismic and micro seismic signal levels were 0.5 to 0.4 millimicrons and

500 to 300 milli-microns, respectively.
4 | Conclusion

As a result of the initial stress field changing due to excavation in pre-stressed rock, normal stress is released
onto the free surface, and tangential stress is concentrated. The excavation-related SE release is calculated in
this study using a method that involves loading both an intact sample and a sample with holes. The complete
specimen expetiences an energy transition from loading to excavation to stability (stress balance) that
gradually increases SE during loading, decreases SE following excavation, and releases SE after excavation. A
fracture zone is produced in the surrounding rock during tunnel excavation in severely strained, fairly hard
rock masses. The fracture zone may experience a fault-slip rockburst. For a rockburst to occur, there must
be excessive released energy. This energy comes from both the surrounding rock and the ejected rock. The
energy absorption capacity of a support system for rockburst control must be greater than the excessive
energy to prevent or mitigate rockbursts effectively. This means that the support system must be able to
dissipate or absorb the energy released during a rockburst event; otherwise, it will not be able to control the
rockburst effectively. This is why it is important to estimate the rockburst potential of deep granite samples
and measure the ratio of 0_1/0¢, as this can provide insight into the amount of energy that could be released
during a rockburst event and aid in designing an adequate support system. Furthermore, by measuring the PS
energy, linear elastic SE, and modified maximum SE value, one can better understand the energy release
mechanism and design an appropriate support system to absorb it. The research also shows that the CS of
granite increases as the temperature increases; therefore, considering the temperature effect on the rockburst
potential is crucial. Internal reinforcement tendons, such as rock and cable bolts, are more effective at
dissipating energy in competent rock mass than surface-retaining devices such as mesh and shotcrete. This is
because internal tendons are anchored within the rock mass, providing greater stability and support.

On the other hand, surface-retaining devices are anchored on the surface and provide support by spanning
the rock mass, making them less effective in the competent rock mass. However, surface-retaining devices
are more effective in soft and weak rock masses as they support the entire surface area, preventing the rock
mass from caving in. This is because the rock mass is not strong enough to hold the load of the rockburst,
so external support is more effective. Thus, the choice of reinforcement method should be based on the rock

mass characteristics and the energy expected to be released during a rockburst event.
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