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ARTICLE INFO ABSTRACT
Keywords: Rock bursts represent one of the most severe hazards in underground coal mining, making a
Rock burst comprehensive understanding of their underlying mechanisms paramount. While these events are

Mine tremor

Dynamic loading
Strain rate dependency
Rock burst liability
Energy evolution

frequently triggered by dynamic loads from mine tremors, their specific dynamic mechanisms and
corresponding evaluation metrics remain inadequately defined. This study employs a compre-
hensive methodology—combining field statistical analysis, waveform spectrum analysis, dynamic
loading experiments (across strain rates from 1.0 x 10”° to 1.0 x 10%s™1), and fracture mechanics
theory—to elucidate the failure mechanisms and dynamic rock burst liability (RBL) of coal under
tremor-induced dynamic loading. Field monitoring data confirms that over 83.1% of rock bursts
are tremor-induced, a finding further substantiated by waveform spectrum characteristics. Our
experimental results reveal an exponential correlation between energy accumulation and loading
strain rate. Notably, elevated strain rates accelerate the transition from static to dynamic brittle
failure, accompanied by a marked surge in acoustic emission rates. A critical finding is that while
RBL intensifies with increasing strain rate, the traditional bursting energy index (KE) paradoxi-
cally decreases, rendering KE invalid for dynamic RBL assessment. Consequently, total energy
accumulation and its rate of change are proposed as more robust and reliable indicators. From a
mechanistic perspective, the time-varying nature of principal stress direction and magnitude
under dynamic loading drives instantaneous, large-scale crack propagation across multiple di-
rections, culminating in the violent destruction of the coal mass. The proposed energy assessment
framework and mechanism provide professional personnel with practical guidance and references
for optimizing microseismic monitoring and preventing impact ground pressure.

1. Introduction

Rock burst is a major dynamic disaster that poses a threat to safe coal mining [1]. Numerous countries including Poland [2], the
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Czech Republic [3], China [4,5], the USA (Christopher 2016, [6], Australia [7], Germany, Russia, and South Africa [8-10] are sus-
ceptible to this type of disaster. In China alone, more than 200 coal mines are at risk of rock bursts, with incidents occurring every year
[4]. Despite significant progress in rock burst prevention and control after long-term research, China has experienced several severe
rock burst disasters in the past five years, leading to 45 fatalities [5]. Consequently, rock burst has emerged as a research focus for coal
mine disaster prevention in recent years.

Rock burst is a dynamic instability failure caused by the superposition of static stress concentration and dynamic stress disturbance
to reach the critical load of rock burst [11,12]. The conceptual model for rock burst can be presented as Eq. (1).

05 + 0420, 1)

Where o; is the static stress of surroundings, o4 is the dynamic stress disturbance caused by seismic waves, and o, is the critical stress
condition under which a rock burst occurs. Therefore, an assessment and prediction of rock burst risk can be conducted from a stress
analysis of mining areas utilizing the intensity of seismic stress wave disturbance.

Rock burst is a type of failure that occurs in rocks due to the combination of static stress concentration and dynamic stress
disturbance. This phenomenon is explained by the superposition theory of dynamic and static loads [11,12]. The critical load required
for rock burst to occur can be represented by Eq. (1), which takes into account the static stress of the surroundings, the dynamic stress
disturbance caused by seismic waves, and the critical stress condition. To assess and predict the risk of rock burst, stress analysis of
mining areas can be carried out by analyzing the intensity of seismic stress wave disturbance.

In order to determine the likelihood of a rock burst, Eq. (1) takes into account three factors: the static stress state of the coal body,
the strength of the mine's seismic load disturbance, and the critical load of the rock burst. A thorough analysis of all three factors is
necessary for accurate prediction and monitoring of the risk of a rock burst.

Rock burst initiation is primarily caused by high-stress levels [13]. Underground mining stress in coal mines is influenced by
various factors such as mining depth, hard roof, fault, fold structure, coal seam thickness, structural variation, coal pillars, roadway
bottom coal, and mining layout. Numerous studies have focused on understanding the impact of different factors on stress and how
they affect the occurrence of rock bursts. For instance, Pu Wang et al. [14] explored the rock burst disaster caused by stress con-
centration in the hard thick roof area, while Zhenlei [15,16] studied the mechanism of rock burst caused by instability due to stress
concentration of fault coal pillar. He and Dou [17] investigated the law of rock burst induced by horizontal stress in the wall of a coal
seam roadway. Due to the complexity of the influencing factors of rock bursts, research in this area focuses on understanding the
impact of specific main control factors on rock bursts and their targeted prevention and control.

Aside from stress, other factors such as mining disturbances, movement of rock strata, and other mining vibration loads are also
being examined for their influence on mine tremors. Current research on mine tremors focuses on understanding their focal mechanism
[18,19], the time-space intensity variation law [20,21], and developing analysis indicators for predicting or warning of rock burst risk
based on monitoring data [22,23]. Laboratory tests are also being conducted to study the dynamic capacity of energy-absorbing rock
bolts under varying impact energy and strain rates [24,25], particularly on the effect of mine tremor load on the roadway [26].
Although research on mine tremor activity near the appearance before and after a rock burst has been conducted to find sensitive
precursor indicators of the mine tremor activity law, there has been no specific study on how to induce a rock burst, nor has it been
clearly proven that mining tremors can cause a rock burst.

The goal of studying rock burst is to better understand its mechanism and risk and to find effective ways to prevent and control it. As
a significant topic in mining ground pressure control research, it is crucial to evaluate the likelihood of a rock burst in order to prevent
it. This is done by analyzing and monitoring the stress state and mining vibration load pattern. The determination of the critical load is
key to assessing the risk of rock burst, which is related to the inherent properties of coal. The RBL test method is primarily used to
evaluate the impact of coal's mechanical properties on the risk of rock burst [27]. The RBL of coal serves as an index for assessing the
possibility of a rock burst in a coal mine. The predisposition to rock burst is a physical precondition for its occurrence in coal mining.

A. Kidybinski [27] proposed three indices for evaluating the RBL of coal in studying rock bursts in Poland. In China, the RBL is
established by assessing four indices: UCS, Kg, Wgr, and Dt [28]. These indices are obtained from static loading tests conducted under
specific conditions and at low strain rates. However, recent studies have shown that rock bursts occur due to dynamic destabilization of
the coal masses caused by dynamic disturbance under high stress [29-33]. Most existing studies on the mechanical properties of coal
involve testing its static mechanical properties at low strain rates (lower than 10" s™1). However, the research on mining seismicity in
coal mines has shown that medium to higher strain rates 10! s can be applied to coal and rock, due to the dynamic disturbance
caused by mine tremors [34]. Studies have also revealed a strong correlation between the mechanical properties of coal and strain rate
[35,36]. Therefore, it is essential to study the mechanical properties of coal under the effect of dynamic loads at medium and high
strain rates to accurately evaluate the RBL of coal.

Recent research on the mine micro-seismic monitoring system has provided some insights into the causes of rock bursts. It is still
unclear whether the mine seismic event is caused by the vibration generated by the rock burst itself or the mine tremor event that
induced the rock burst. The statistics and waveforms of rock bursts were analyzed to prove that mine tremors can indeed cause them.
The characteristics of the dynamic load induced by mine tremors were examined to understand how it affects the evolution of coal
mechanical properties and RBL under similar loading strains. After thorough analysis and discussion of the test results, the evolution
law of dynamic RBL of coal and the law of induced burst fracturing under the action of mine tremor load were presented. These
findings can serve as a valuable reference for future research on the mechanism of rock bursts and risk assessments.
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2. Evidence of mine tremor inducing rock burst
2.1. Statistical analysis of rock bursts

Numerous scholars posit that rock bursts are the result of a combination of dynamic and static loads [4,37]. Dynamic loads stem
from mining-induced seismic activity, while static loads originate from the surrounding rocks. However, due to the sudden and un-
predictable nature of rock bursts, establishing a clear link between the two is challenging. To address this issue, the present study
employs statistical analysis to explore the correlation between dynamic loads caused by mining-induced seismic activity and rock
bursts.

Seismic activity is a common occurrence in coal mining operations [20,38], where seismic waves propagate through the coal and
rock mass, generating dynamic loads that impact the stability of the surrounding environment. Due to the rapid and dynamic nature of
this seismic activity, studying its impact on rock bursts can prove to be challenging. Researchers have therefore relied heavily on
analyzing micro-seismic monitoring results at mining sites to investigate this topic.

Fig. 1 depicts the production process of the working face during 474 severe rock burst disasters in Huating mining area of Gansu,
Yima mining area of Henan, and Hegang mining area of Heilongjiang provinces in China. Fig. 1 illustrates that 67.9% of rock bursts
occur during the mining process of the working face, while 18.1% occur during roadway excavation. The proportion of rock bursts
during the strong disturbance period of mining and excavation reaches 86.0%. Although mining seismic activity may occur during
other periods, it is relatively weak when compared to the mining period. As such, it can be inferred that there exists a close relationship
between rock bursts and the induced disturbance of mining seismic dynamic load, based on the mining process when rock bursts occur.

Fig. 2 delineates the minimum distance between the location of the seismic source monitored by the micro-seismic monitoring
system and the area of rock burst damage. The graph illustrates that the distance from the source to the damaged area is a minimum of
50-100 m, comprising 28.5% of the total distance. The distance exceeding 100 m accounts for 54.6%, while the total distance
exceeding 50 m is 83.1%, with a proportion of less than 50 m being only 16.9%. As the micro-seismic monitoring system utilized in coal
mines demonstrates an error of less than 50 m for seismic sources [39], especially for high-energy mine seismicity that occurs during a
rock burst, where the waveform is relatively clear and the position calculating error is comparably lower. Based on this analysis, it can
be concluded that at least 83.1% of the seismic sources are located in different regions from the rock burst. This suggests that rock
bursts are triggered by seismic activity. These statistics indicate that the vast majority of rock bursts are influenced by dynamic loads
induced by mining seismicity.

2.2. A case study of seismicity-inducing rock burst

On February 20, 2020, a rock burst event transpired in the roadway section located in front of the 2305 working face of Shandong
Xinjulong Coal Mine. The area of damage caused by the rock burst is depicted in Fig. 3. Based on the micro-seismic monitoring
location, the center of the area affected by the rock burst is approximately 200 m away from the source. The incident caused damage to
486 m of roadway to varying degrees, and the most severe damage resulted in the closure of the roadway. The rock burst caused four
fatalities, and the consequences of the disaster were extremely severe.

Within Fig. 4 a, the micro-vibration pickup sensor (S21) was situated 750 m away from the rock burst area and captured the entire
seismic waveform during the occurrence of the rock burst. When a mine tremor triggers a rock burst, both the mine tremor and rock
burst become sources. The waveforms of these sources are then superimposed, rendering it arduous to differentiate due to their
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Fig. 1. Statistical relationship between the occurrence time of a rock burst and the mining process.
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Fig. 4. Frequency spectrum analysis relationship between rock burst and mine tremor.

proximity. However, if the rock burst is the aftermath of damage caused by the mine tremor at the monitored source, the distance
disparity between the mine tremor and the wave generated by the rock burst center to the S21 sensor is approximately 400 m. Sta-
tistical research has extensively shown that the propagation speed of direct P-waves underground in coal mines is about 4000 m/s.
Thus, the time difference between the two tremor direct waves that propagate to the S21 sensor is approximately 100 ms, according to
the Brune model [40]. This model approximates the epicenter radius of a mine tremor as:

_ Kc/}O

Ry = 2. (2)

Where, K. is a constant depending on the source model, equals 2.34; f3, is the S-wave velocity in the source area; f; is the corner
frequency of either the P or S wave which can be replaced by the main frequency of the wave.

According to Eq. (2), if there are two tremors, the source radii are different, and the main frequencies of the two tremors are also
different. Therefore, through spectrum analysis, the main frequency of the seismic wave of S21 original 100 ms is the main frequency
of the tremor-induced rock burst, and the subsequent seismic wave includes both the main frequency of the tremor-induced rock burst
and the main frequency of the tremor of rock burst.

Perform Fourier transform analysis on the frequency spectrum of S21 waveform segmentation, as shown in Fig. 4 b. Spectrum
analysis shows that the main frequency of the original 100 ms waveform is 140.6 Hz. There are two main frequencies of the waveform
between 100 ~ 200 ms, namely 148.4 Hz and 62.5 Hz. The waveform spectrum analysis of the S-wave energy release section shows
that during the energy release process of rock burst damage, the coal body has a large range of damage, and the frequency components
are relatively complex. There are many local main frequencies, but overall, the two frequency components with the highest values are
148.4 Hz and 62.5 Hz. Based on the analysis of the main frequency of the above three section waveforms, it can be concluded that the
main frequency of the initial 100 mm waveform is the main frequency of the tremor source inducing the rock burst, which is 140.6 Hz,
corresponding to the larger main frequency of 148.4 Hz in the subsequent two section waveforms; The other main frequency of the
following two sections of waveform, 62.5 Hz should be the main frequency of the rock burst source. At the same time, it can be seen
that the main frequency of the tremor inducing rock burst is higher, and the main frequency of the rock burst is lower, that is, the
energy released by the destruction of the rock burst is much greater than that of the tremor inducing rock burst, which is consistent
with the occurrence law of rock burst. The frequency spectrum analysis of the waveform shows that the rock burst was induced by the
disturbance of the mine tremor dynamic load.

3. Experimental investigation of dynamic mechanical properties
3.1. Necessity and scheme of experiment

Upon analyzing statistical data and frequency spectrums of rock bursts, it becomes apparent that the majority of these occurrences
stem from the dynamic load of mine tremors. The strain rate of coal has a significant correlation with its mechanical properties [35,36].
In order to evaluate the risk of rock bursts under specific conditions, it is imperative to study the dynamic characteristics of coal under
the strain rate dynamic load that corresponds to mining seismic waves.

RBL which stands for several mechanical parameters that test the dynamic failure of coal samples under specific quasi-static test
conditions, is an integral aspect of comprehensively assessing the mechanical properties of rock bursts in coal seams [28,41].
Therefore, it is critical to analyze the changing pattern of RBL of coal by utilizing the dynamic loading that involves equivalent stress
fluctuation and strain rate of mine tremors to assess the risk of rock bursts.

According to national standards, the RBL of coal is evaluated using four indices [28,42] as shown in Table 1. The Wgr necessitates
an approximate UCS of coal in advance, and then the index is obtained through a cyclic load test that targets an unloading capacity of
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80% of the UCS. However, the dynamic strength of coal remains uncertain during loading at high strain rates, and cyclic loading is
more challenging to control. Consequently, the correlation between coal's rock burst liability and the applied strain rate was analyzed
using the remaining three indices.

3.2. Experiment

3.2.1. Test setup

The highest seismic strain rate recorded in coal mines usually falls between 10 and 10's™! [34], which is higher than the strain
rate used in RBL testing for coal. The strain rates for various energy levels are presented in Fig. 5. To carry out mechanical testing in this
range of strain rates, an electro-hydraulic servo testing machine can be utilized. For conducting uniaxial load tests on standard coal
samples at different loading rates, a mechanical test system was employed, utilizing a displacement-controlled loading approach, as
illustrated in Fig. 6. The applied strain rate is:

.V
b=y 3)

Where v represents the displacement loading rate and h is the height of the samples.

The experimental study was conducted to investigate the variations in dynamic impact propensity index under the influence of
mine tremor dynamic load strain rate. The loading scheme designed for this study is as follows. The loading displacement were: 0.06,
0.3, 0.6, 1.5, 3, 6, 30, and 60 mm/min. On this basis, it was calculated (from Eq. (3) that the strain rates applied to the standard coal
samples were 1.0 x 10>, 5.0 x 10, 1.0 x 10, 2.5 x 10, 5.0 x 10*, 1.0 x 103, 5.0 x 10, and 1.0 x 102 57}, respectively.
Corresponding to various strain rates, convert them into displacement based on the height of the specimen and conduct uniaxial
loading tests until the specimen fails.

In order to facilitate the analysis of the coal rock fracture process, during the experiment, an acoustic emission (AE) detection
system was used to acquire the AE signals while the loading of the samples. By analyzing the AE event count data, the energy released
by micro-cracking was revealed at different strain rates.

The MTS-C64.106 electro-hydraulic servo system for rock dynamic experiments was used as the loading system, and its rated
loading capacity, the displacement speed of the actuator, and the maximum cross-head velocity were 1,000 kN, 0.5 to 90 mm/min, and
200 mm/min, respectively. The system has a test precision at the grade used of 0.5 and a displacement resolution of 0.2 pm. In
addition, the maximum data acquisition frequency and controlled cyclic frequency are both 1,000 Hz.

The AE data was collected using the integrated PCI-2 AE acquisition system produced by the Physical Acoustics Corporation (USA).
Comprising an 18-bit A/D converter, the system has a sampling frequency of up to 40 MHz. The system is mainly composed of a pre-
amplifier, a filter circuit, an A/D conversion module, a waveform processing module, and a computer. The AEWin software system is
equipped with function for setting sampling parameters, signal acquisition, A/D conversion of signals, data storage and graphic
display, spectral analysis, and real-time location display.

As demonstrated in Fig. 6, the AE system collected signals using four sensors during the experiment. With a fixed threshold (35 dB),
the AE system was set with a pre-amplification of 40 dB, a sampling rate of 2 MHz, a pre-trigger of 256 ps, and a hit length of 3 k. In
addition, the PDT, HDT, and HLT were 50 ps, 200 ps, and 300 ps, respectively.

3.2.2. Sample preparation
The coal was collected from the coal mine with rock burst hazards and machined into samples according to the regulations in

Table 1
Rock burst liability classification according to the Chinese standard (GB/T25217.2-2010,2010).
Coal burst liability indices Dr/ms Kg Wer UCS/MPa
Schematic drawing of ucs ucst =(0.75~0.85UCS
calculation ucs 7
K. = A Oy

S £ £ 7 QE=QF < | W, :i

&~ s X & T

= S S .

% 2 <

wv w1

D1, | ? & A// A
Time/ms 2
Ok StrQain F o Strain

Standard specimens Cylindrical specimens with a height of 100 mm and diameter of 50 mm, or cuboid specimens with a height of 100 mm and side

length of 50 mm.
Control mode Force loading Displacement loading Force loading Force loading
Loading rate 0.5 MPa/s ~ 1.0 MPa/s 0.5 x 10°m/s ~ 1.0 x 10°m/s 0.5 MPa/s ~ 1.0 MPa/s 0.5 MPa/s ~ 1.0

MPa/s
Classification None Dr > 500 Kg<1.5 Wer < 2 Ucs <7
criteria Weak 50 < Dy <500 1.5<Dr<5 2< Wgr<5 7 <UCS< 14
Strong  Dp <50 Dr>5 Wgr > 5 UCS > 14
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Fig. 6. Loading and test scheme.

Methods for Determining the Physical and Mechanical Properties of Coal and Rock [43]. To begin with, coal cylinders with a diameter of 50
mm were drilled and sawed to coal samples of a height of approximately 100 mm. Then, the two ends of the samples were ground, until
they were machined to standard coal samples with the misalignment of the two ends being no larger than 0.05 mm, the diametral
deviation of the two ends was within 0.3 mm, and the axial deviation no greater than 0.25°. The parameters of the coal samples,
including the size and density, are listed in Table 2.

Table 2

Parameters of the coal samples.
No. Diameter/mm Height/mm Mass/g Density/(g/cm?) Loading rate/(mm/min)
1 49.71 101.47 276.25 1.40 0.06
2 49.80 96.44 256.17 1.36 0.3
3 49.85 101.35 286.52 1.45 0.6
4 49.77 99.20 282.05 1.46 1.5
5 49.97 97.93 298.67 1.55 3
6 49.80 101.91 310.71 1.57 6
7 49.75 96.38 275.59 1.47 30
8 49.79 99.28 328.15 1.67 60
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3.3. Result

3.3.1. Mechanical properties under different strain rates

In Table 3, the results of mechanical tests performed on coal samples, including elastic modulus(E) and UCS can be found. Fig. 7
displays the correlation between these parameters and the applied strain rates. It is worth noting that both the E and UCS of the coal
samples exhibited a consistent increase with increasing strain rates. They conform to power function increase. It should be noted that
the results of sample 7 shown in Fig. 7 deviate significantly from the data pattern, and the values of this sample were removed from the
data fitting. The experimental research results are basically consistent with the experimental research results on rock samples in
reference [44], indicating that the rate correlation of mechanical properties of coal is consistent with that of rocks. Based on the rate
correlation characteristics demonstrated by the experimental research on the mechanical properties of coal, the strain rate can be
adjusted to 1.0 x 10" s~ is used as the critical value to define the dynamic and static loads of coal mines. Based on Fig. 5, it can be seen
that the disturbance effect of mining seismic stress waves on coal has reached a state of dynamic load. The disturbance effect of mining
seismic on coal needs to consider the influence of the loading strain rate. At this time, the coal and rock impact propensity obtained
through static loading testing is not suitable for evaluating the impact risk under mining seismic disturbance actions. It is necessary to
test the RBL of coal under the corresponding strain rate of mining seismic to more accurately evaluate the rock burst risk.

3.3.2. Correlation between the RBL and strain rate

Table 4 lists the test results of the index for RBL of the coal samples. Table 4 shows that the Ky gradually decreases with increasing
strain rate. According to the national standard, taking Kg into account, the RBL of the coal samples decreases.

With respect to Dr, as the strain rate increases, the Dy of the coal samples decreases from tens of thousands of milliseconds to
hundreds of, and even tens of milliseconds. According to the national standard, the grade of RBL is none while the strain rate is lower
than 5.11 x 10"*/s, while it changes from none to strong with the increasing loading strain rate as adjudged from the index of Dr.

Meanwhile, it can be seen from Table 4 and Fig. 7 that the UCS of coal increased with increasing loading strain rate. According to
the national standard for assessing RBL, the larger the UCS, the higher the RBL is. For these coal samples, they showed a weak RBL at
strain rates below 9.81 x 10" s~ while showing a strong RBL at strain rates exceeding 9.81 x 107 s7%.

An analysis of the above three indices for RBL reveals that the coal samples show growing apparent RBL with increasing loading
strain rate according to the UCS and the D7. While the K indicates an inverse trend from strong to weak liability with the increasing
loading strain rate.

3.3.3. Energy accumulation and dissipation

The energy input by the loading system into the coal samples during loading at different strain rates is displayed in Table 5 and
Fig. 8. This involves the relationships of the total, pre-peak, and post-peak energy inputs with the strain rate. With the increasing in
strain rate, the pre- and post-peak energy inputs of the loading system to the coal samples grew exponentially. It is worth noting that
the energy input curve shows similar characteristics to the curves for UCS and elastic modulus. The total, pre-peak, and post-peak
energy inputs of the press machine all display an increasing trend with increasing strain rate. These input all grew rapidly, subject
to exponential function law with increasing strain rate.

3.3.4. Correlation between failure mode and strain rate

The failure mode of each coal sample is shown in Fig. 9, which reveals that the higher the strain rate, the more serious the damage
to the coal samples. The failure modes changed gradually from shear failure to longitudinal splitting failure and eventually burst
failure. The broken blocks became gradually smaller and the ejection speed and distance travelled by the ejected blocks both showed a
gradually increasing trend. During the experiment, the noise emitted during the failure process became louder with the increase in
strain rate. At a low strain rate, the broken blocks were not separated from the matrix of the coal samples. However, as the strain rate
increased, the broken blocks were separated from the matrix and the ejection speed gradually increased. This indicated that the burst
intensity of the coal samples and the RBL strengthened with increasing strain rate.

3.3.5. Acoustic emission characteristics
The acoustic emission(AE) signals were collected during the loading of coal samples 3-1, 3-2, 3-3, 3-4, 3-5, and 3-7. The loading
rates for coal samples, 3-8 and 3-15 were too fast, the AE data were not collected in case the AE sensors were damaged during the

Table 3

Test mechanical parameters of the coal samples during loading at different strain rates.
No. Loading rate/(mm/min) Strain rate/s Peak load/kN UCS/MPa E/GPa
1 0.06 9.85E-6 15.37 7.92 1.18
2 0.3 5.18E-5 15.55 7.98 1.31
3 0.6 9.87E-5 17.33 8.88 1.85
4 1.5 2.52E-4 16.23 8.34 1.68
5 3 5.11E-4 22.22 11.33 2.37
6 6 9.81E-4 28.25 14.50 2.51
7 30 5.19E-3 28.80 14.82 2.65
8 60 1.01E-2 81.60 41.90 4.07
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Table 4

Test results of the parameters of RBL.
No. Strain rate/s ucs Kg Dr

Value/MPa Classification Value Classification Value/ms Classification

1 9.85E-6 7.92 Weak 19.79 Strong 19,400 None
2 5.18E-5 7.98 Weak 4.01 Weak 25,000 None
3 9.87E-5 8.88 Weak 17.60 Strong 224 Weak
4 2.52E-4 8.34 Weak 4.50 Weak 6000 None
5 5.11E-4 11.33 Weak 7.02 Strong 780 None
6 9.81E-4 14.50 Strong 4.19 Weak 17 Strong
7 5.19E-3 14.82 Strong 3.71 Weak 44 Strong
8 1.01E-2 41.90 Strong 2.56 Weak 41 Strong

Table 5

Test results of energy input by the press machine.
No. Strain rate/s Total/J Pre-peak/J Post-peak/J
1 9.85E-6 6.15 5.85 0.30
2 5.18E-5 5.72 4.58 1.14
3 9.87E-5 5.41 5.12 0.29
4 2.52E-4 5.22 4.27 0.95
5 5.11E-4 6.43 5.63 0.80
6 9.81E-4 10.14 8.19 1.95
7 5.19E-3 11.41 8.99 2.42
8 1.01E-2 60.79 43.75 17.06

dynamic failure process.

The corresponding relationship between the AE hit rate and the stress during the loading at different strain rates is illustrated in
Fig. 10. The average AE hit rate in the whole loading process is displayed in Fig. 11. It can be seen from Fig. 10 that the stress on the
coal samples shows the following trends during the loading process:

(1) All of these samples experienced densification, elastic, yield, failure, and residual strength stages in the loading process.

(2) At a low strain rate, the stress increase was stepped at failure, resulting in the progressive failure of the coal samples. At a high
strain rate, the stress curves in the failure stage are steep, therefore coal samples experienced brittle failure.

The following AE signal features can be obtained from Figs. 10 and 11:

(1) In general, the AE hits occurred in the densification stage, the initial section of elastic stage, and the yield failure stage. The AE
hit rate in the densification stage was larger than that in the initial section of the elastic stage.

(2) At alow strain rate, the largest AE hit rate was found in the yield failure stage; while as the strain rate increased, the AE hit rate
in the densification stage gradually exceeded that in the yield failure stage.

(3) Alow AE hitrate in the elastic stage at a low strain rate. While the AE hit rate increased slowly with increasing stress. Moreover,
as the strain rate increased, the rate of increase of the AE hit in the elastic stage increased. When the strain rate reached 5.11 x
10 571, there were blank areas of AE source location in the elastic stage (coal samples 5 and 6).
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(4) Although there were blank areas of AE source location for coal samples 5 and 6, the average AE hit rate showed an increasing
trend with increasing strain rate.

When the strain rate exceeds 5.11 x 10 s™!, a blank area appears in the acoustic emission data. This occurs because the loading
speed is too fast, causing the rate of acoustic emission production to reach a critical value. The acoustic emission system could not
distinguish between individual acoustic emission events due to the absence of clear time intervals between them. This led to the
formation of a continuous acoustic emission waveform, resulting in a blank area in the acoustic emission data. Based on the mechanism
behind the blank areas in the acoustic emission data, it can be concluded that the increase in the loading strain rate does not lead to a
decrease in the rate of acoustic emission events. Instead, the monitoring anomalies are due to the coal samples breaking too quickly,
generating a high number of acoustic emission events at an accelerated rate.

10
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4. Discussion
4.1. Rock burst liability

4.1.1. Energy storage characteristic
With the strain rate increase, the UCS and E of coal samples both showed an increasing trend subjecting to power function law.
According to the formula for calculating the elastic energy of coal rock materials under uniaxial stress conditions [45,46], as shown in
Eq. (4).
62

U:55 @

Where U is the accumulated elastic deformation energy of coal,o is stress, and E is elastic modulus. As the UCS and E of coal show a
power function relationship with the loading strain rate, as shown in Fig. 7; According to the analysis of Eq. (4), when ¢ and E change

11
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according to the law of power function, the elastic deformation energy will change according to the law of exponential function, which
is consistent with the fitting law of energy accumulation in Section 3.3.3, indicating the reliability of the fitting law. According to
Table 3, when the strain rate increases from 5.18 x 10 s71, the static loading increases to 5.19 x 10 s 'When subjected to quasi-
dynamic loading, the UCS and E of coal increase by 1.86 and 2.02 times, respectively. Although the increase in UCS is slightly
smaller than E, due to the exponential relationship between elastic energy and stress, the accumulated energy increases by 1.71 times.
That is to say, as the loading strain rate increases, the accumulated energy of the coal rock mass under dynamic loading increases.
When the loading strain rate reaches 1.01 x 102 s71, the UCS and E increase by 5.25 and 3.11 times respectively, and the energy
increases by 8.86 times at this time, with an extremely fast increase rate. From the analysis of the experimental process, as shown in
Fig. 8, the rate of energy input increase after the peak of the coal sample is faster than the rate of energy increase before the peak. This
leads to a decrease in the bursting energy index of the coal sample as the loading strain rate increases.

Under dynamic loading, the coal mass undergoes violent and instantaneous brittle failure. During this process, the displacement-
controlled testing machine continues to advance at a high strain rate. Consequently, a massive amount of mechanical energy is forcibly
dissipated into generating new fracture surfaces, the kinetic energy of ejected fragments, and internal friction. This creates a para-
doxical physical phenomenon: although the calculated Bursting Energy Index decreases, the total energy accumulated within the coal
sample—as well as the intensity of the failure and the magnitude of energy release—actually increases significantly. Therefore, relying
on the traditional static index is fundamentally unsuitable for characterizing the dynamic rock burst liability (RBL) of coal.

4.1.2. Fracture characteristics

From the failure morphology and characteristics of coal samples (Fig. 9), it can be seen that as the loading strain rate increases, the
severity of coal failure increases, and the dynamic nature of coal failure increases. Based on the failure characteristics of coal, the RBL
of coal increases with the increase of strain rate.

The features of the AE signals indicate that AE hits are closely related to the closure and propagation of cracks in the coal samples.
At a low strain rate, there were a few cracks reaching the stress condition for crack propagation at any given time. Therefore, the AE hit
rate remained low at low strain rates, while it increased with the strain rate.

The occurrence of the blank areas of AE source location in the elastic stage, seen after the strain rate increased to 5.11 x 10°
was mainly because the waveforms of the AE hits were superimposed as the AE hit rate increased to its maximum. In such a context, the
AE acquisition instrument failed to distinguish between separate AE hits, finally leading to the appearance of the blank areas of the AE
source location. Under these conditions, the coal samples experienced rapid damage and fracturing, accompanied by a high frequency
of AE hits. As the strain rate rises, so does the level of AE activity.

Given the observed failure patterns in coal and the insights gained from acoustic emission data, it is evident that the coal's RBL rises
as the strain rate increases.

441

>

4.1.3. Evolution trend of RBL

Table 4 shows as the strain rate increased, the Kg decreased while the strength of the coal increased. When the coal samples were
subject to high stress, the proportion of the energy absorbed during the failure process as deformation energy decreased, such the stress
changed only slightly during failure. Therefore, the loading system can still provide sufficient energy to the coal samples in the post-
peak phase during the failure process. According to the complete stress—strain curve, the post-peak energy input increased at a faster
rate than the pre-peak energy, leading to a reduction in the apparent Kg. Although it might have seemed that the RBL was diminishing,
the deformation energy within the coal samples actually increased. Consequently, burst failures were expected to be both more severe
and faster. Furthermore, with increasing strain rate, the D of the coal samples decreased and the UCS increased.

Based on established criteria for evaluating rock burst risk, the risk rises with an increase in strain rate, as supported by all three
previously mentioned indicators. In light of this research, it is advisable to use both the total accumulated energy and its rate of change

12
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as metrics for assessing the dynamic RBL of coal under mining-related dynamic loads.To provide a more actionable and rigorous
discussion regarding the use of 'total accumulated energy' as an indicator, we propose using the ratio of the total accumulated energy of
coal under dynamic strain rate conditions to that under static conditions, rather than relying on absolute energy values, as the specific
metric. The bursting energy index is not suitable for this purpose. Instead, the evaluation should incorporate both the dynamic UCS and
Dy values of the coal to assess its dynamic RBL.

In addition, while the proposed metrics offer a robust assessment under uniaxial conditions, we acknowledge the inherent limi-
tations of this stress path. Deep coal naturally exists in a triaxial stress state. We selected uniaxial testing to simulate the stress-relieved
free faces of excavation boundaries where bursts typically trigger, and to ensure a one-to-one comparison with existing national RBL
standards. To build upon these findings, conducting true-triaxial dynamic loading tests to investigate the coupled effects of confining
pressure and dynamic disturbance will be the primary focus of our future work.

4.2. Rock burst risk under mine tremor dynamic load

The dynamic tests on coal conducted in Chapter 3 demonstrated an enhanced energy accumulation capacity under dynamic loading
and revealed the dynamic mechanical response laws of the coal. In the following section, an analysis is presented from the perspectives
of fracture mechanics and principal stress rotation to discuss the in-situ mechanical mechanisms by which seismic waves trigger
dynamic coal failure and subsequent rock bursts in actual underground mining environments.

4.2.1. Mechanism of dynamic RBL

The failure process of heterogeneous coal rock materials with internal cracks is the result of crack expansion from the perspective of
fracture mechanics. From a two-dimensional perspective, the static load state during the actual mining process of coal mines is shown
in Fig. 12 as the plane strain state under bidirectional compression. Among them, the crack length is 2 a, the angle between the crack
and the principal stress o7 is 3, and the angle between the crack and the principal stress o5 is a.

According to coordinate transformation, the stress field around the crack is:

0% = —(01c08%f + 0,5in°p)
oy = —(o15in*p + 6,c082p) 5)
Ty = —(01 — 02)sinfcosp

Where, oy is normal stress in the x-direction when the crack surface is not affected by size effects, oy is normal stress on the crack
surface in the x-direction, and 5} is shear stress on the crack surface. For coal under pressure, the crack is in a closed state, so the shear

force on the crack surface should consider frictional force. At this time, the stress intensity factor of the mode I tensile crack is 0, and the
crack is a pure shear crack, that is, a pure mode II crack. At this time, the equivalent shear stress 7, on the crack surface is:

Te = Ty —f0) (6)

Where f is the friction coefficient of the crack surface. Then the Stress intensity factor K is:

Kn = (7, —fﬁ;g)\/ﬁ )
The critical for type II crack propagation is:

Ky > Kuc ®)

Where,Kjc is the fracture toughness of coal, which is an inherent parameter of materials. According to the maximum circumfer-
ential stress theory [47-49], the critical condition for crack propagation is obtained from Eq. (5) to (8) as follows:
Kyc/+v/ma+ fo
61 =2 M + 06y 9)
sin2f — f(1 — cos2p)
The laws governing crack propagation under various stresses and forces will be explored. Utilizing trigonometric functions, Eq. (9)
can be transformed into:

Kuc/v/ra + fo,

01 = + 02

V1+f2sin(28+a5) — f (10)

tanay = f

When 2 + af = 7/2,0, has a minimum value:
fe Jra o, an
VI+fr—f

Under this situation g = ., = (1/2)arctan(1/f). f. is the critical angle of crack propagation.
When the denominator of the first part in Eq. (10) is 0, o, takes infinity, and then f = ; = 0or = f, = arctan(1/f). Under this

01 min = 2
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Fig. 12. The stress state of oblique crack beyond extractive space.

situation of B, < < 90°, the crack could not overcome the friction force to generate crack propagation, and the crack was in a locked
state.

Make the relationship between 6, and f, as shown in Fig. 13. Analysis shows that when the crack length a and horizontal stress o,
are constant, and 67 increases to o1 min, the crack that reaches the critical length in the direction g first begins to propagate, indicating
that crack propagation has an advantageous direction. As the stress further increases to 61 min + /\0o, cracks near the direction in the
range of /\f begin to propagate, and the greater the increase in stress, the wider the range of crack propagation direction.

According to Eq. (11), when other conditions are constant, crack propagation has a critical length ac, which is:

_ 4G
(o — 62) (V1 + 2 — f) — 2f o)’

Based on the above analysis, under certain stress conditions, only cracks with a length greater than the critical length near the
dominant direction can propagate. That is, under a certain static load, only cracks with a length in the local direction exceeding the
critical length can propagate and cause a certain degree of damage to the coal mass. The fracture process is slow, and the coal has fewer
fracture surfaces and larger fracture blocks. The amount of acoustic emissions generated during this process is relatively small, and the
rate of generation is also relatively low.

dc (12)

4.2.2. Characteristics of rock burst risk under mine tremor dynamic load

From Egs. (11) and (12), and Fig. 13, it can be seen that in coal mass, only cracks with length exceeding the critical length and a
direction near the dominant propagation direction can propagate. By increasing the differential stress between the vertical and
horizontal directions can the range of crack propagation direction in the coal rock mass be increased, the critical length of crack
propagation be reduced, the number of crack propagation be increased, the degree of damage to the coal rock mass be increased, and
thus the probability of coal rock mass failure be increased. Under static load, the stress changes slowly. Therefore, the damage of coal
and rock mass under static load only occurs within a small range where the local stress exceeds the critical stress.

When the mine tremor dynamic load acts on the coal mass, the damage and failure under the dynamic static combination are
mainly related to the changes in the stress state under the dynamic static combination. Assume that the static load plane principal stress
at a particle in the coal mass space is 65, and the dynamic load plane stress varies with time is 64, and the expressions are shown as Egs.
(13) and (14) respectively.
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Fig. 13. Relationship between the vertical the stress and oblique crack direction angle.
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_|oal(t) z(t)
Ud_{rd(t) adz(t)] a4

Where,o 5, is the first principal stress, o, is the second principal stress,o 41 (t) and 642 (t) are the time-varying function of normal stress
corresponding to dynamic load in two coordinate axis directions,z4(t) is the time-varying function of shear stress generated by the
dynamic load.

The combined dynamic and static stress field is:

6y +6a = {"“ Toalt) } as)

Td(t) Os2 + Udz(t)
The principal stress at this point becomes:

_ 0a + 09 +0a(t) + oa(t)
5p1p2 - 2

2 ae6)
. \/ 63 — 62 + 6d41(t) —on®F | o

The angle of rotation of the principal stress axis relative to the static load is:

1 274(t
0, = sarctan 7a(t)

a7
2 0q — 052 + 041 (t) — 042(t)

The stress in the coal mass is formed by the combination of dynamic and static loads as shown in Eq. (16). Due to the dynamic load,
the combined stress state is a function of time, and the combined stress is in a continuous process of change. Eq. (17) indicates that
under dynamic load, the direction of the principal stress continuously rotates and changes over time, and the magnitude of the change
is mainly related to the change in dynamic load. These theoretical findings regarding multi-directional crack expansion perfectly
corroborate the macroscopic failure modes observed in the field. For instance, the severe roadway closure, roof subsidence, and
equipment displacement documented in the 2305S mining face (as previously illustrated in Fig. 3(b)) are direct macroscopic mani-
festations of this dynamic principal stress rotation mechanism.

The range of dynamic load change is large, and the corresponding range of stress principal axis rotation is also large.As shown in
Figs. 14 to 17, based on the raw simulation data from our previous study [50], a new in-depth analysis of the stress field was conducted
to investigate the fluctuation patterns of horizontal and vertical stresses at 0.5 m and 5 m from the roadway side under a 1.0 x 10°J
mining tremor, as well as the rotation pattern of the principal stress axis at these two locations.Analysis shows that the stress in the coal
and rock mass can fluctuate greatly during mining tremor, and the direction of the principal stress can vary within a range of 90°.
Basically, the principal stress can change in any direction. Therefore, under the action of mining tremors, dynamic loads play a role in
changing the magnitude and direction of stress. As shown in Fig. 13, when the magnitude of stress changes, cracks with a larger angle
range can reach the critical stress and expand. With the rotation of the stress axis, the dominant direction can rotate accordingly,
causing more cracks to expand and damage the coal mass.

The crack length follows a probability distribution due to the presence of a large number of primary and secondary cracks in the
coal mass. Under static load, cracks in all directions with a length greater than the critical length of crack propagation in the current
static load state in that direction will expand and cause damage to the coal mass. Cracks with a length less than the critical length in
that direction will not propagate. When the dynamic load is superimposed, on the one hand, it increases the fluctuation of stress
magnitude, reduces the critical length of cracks, and causes more cracks to propagate. On the other hand, it widens the distribution
azimuth of the same crack length, even if cracks with a larger range of occurrence propagate.

After dynamic loading, the critical stress for propagation is reduced, due to the large number of crack lengths in the coal mass. At
the same time, the damage increases, and the effective stress in the coal rock mass increases, thereby reducing the critical crack length,
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Fig. 14. Model geometry.
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due to the expansion of internal cracks in the coal rock mass. Therefore, after dynamic loading, under pure static loading, the cracks in
the coal rock mass will further expand, causing further damage to the coal rock mass. In the process of damage, the stress drop of coal
and rock mass decreases. If the system has no external energy input or the stress transfers to the system, the coal and rock system will
reach a new equilibrium state. If the coal damage factor reaches the critical damage factor before the system reaches equilibrium, then
the coal mass will undergo failure. Therefore, at the moment and after the action of mine tremor vibration load, a large number of
cracks dynamically expand in the coal mass in a short time, causing dynamic damage to the coal rock mass and increasing the pos-
sibility of losing stability, significantly enhancing the risk of rock burst.

5. Conclusions

In this research, we investigated the mechanics, and RBL, and dynamic fracturing process of coal subjected to similar dynamic load
induced by mine tremors. A series of new findings related to the rock burst mechanism have been obtained. The conclusions are as

follows:
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(1) Field statistics of 474 cases and waveform spectrum analysis confirm that over 83.1% of rock bursts are induced by dynamic
disturbances from mine tremors.

(2) As the loading strain rate increases, the energy input to the coal increases exponentially, with post-peak rates exceeding pre-
peak rates. This accelerates the transition from static to dynamic failure, accompanied by a surging acoustic emission rate.

(3) Dynamic loading increases the rock burst liability (RBL), evidenced by consistent trends in dynamic UCS and DT. However, the
traditional bursting energy index (Kg) paradoxically decreases. Thus, K, is invalid for dynamic RBL assessment; total energy
accumulation and its rate of change should be utilized instead.

(4) Theoretical derivations confirm that coal's energy accumulation relates exponentially to the strain rate, perfectly aligning with
experimental results. Consequently, rock burst risk assessments must explicitly account for dynamic tremor disturbances.

(5) Based on fracture mechanics, static loading causes localized crack growth along a dominant direction. In contrast, dynamic
loading induces time-varying principal stress rotation, driving instantaneous, multi-directional, and large-scale crack expansion
that culminates in violent dynamic failure.
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