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Abstract: Coalburst, a frequent and severe dynamic disaster, poses significant challenges to the safety
and sustainable development of coal mines during deep excavation. To investigate the mechanical
behaviors and precursory characteristics of coalburst subjected to in situ stress conditions, multiaxial
cyclic loading experiments were conducted on cubic coal specimens, and the effects of different
confining pressures on the mechanical parameters and energy evolution were analyzed. Acoustic
emission (AE) technology was utilized to study the accumulation process of stress-induced damage
and identify the source modes of microcracks. Then, nonlinear fractal theory and critical slowing
theory were used to investigate the time-varying precursory characteristics of catastrophic failure in
coalburst. The results show that as the confining pressure increases, the coal samples exhibit higher
levels of elastic strain energy and dissipative energy, indicating an enhancement of plasticity. The
AE count and accumulated energy show a strong correlation with cyclic loads. With an increasing
number of cycles, the AE Felicity ratio gradually decreases, indicating a progressive increase in
irreversible damage. Shear-mode microcracks also become more prominent with applied stress and
confining pressures, as supported by varying AF/RA values of AE signals. The AE signals also
follow the Hurst statistical law, and increasing applied stress and confining pressure strengthen
this statistical pattern with a higher Hurst index. Throughout the cyclic loading process, certain
AE varying trends were observed: the autocorrelation coefficient increased, the fractal dimension
gradually decreased, and the variance suddenly increased. These trends serve as early, middle, and
short-imminent warning signals, respectively, for the catastrophic failure of the loaded coal sample.
These research findings contribute to a deeper understanding of coal failure evolution and provide a
basis for early detection and warning of coalburst disasters, which are also essential for promoting
the safe and sustainable development of deep coal mining operations.

Keywords: coalburst disaster; in-site mining cyclic loads; energy evolution; AE varying characteristics;
early warning precursor; safe and sustainable mining

1. Introduction

With the depletion of shallow resources, there is a growing trend to extract resources
from deeper layers of the Earth [1,2]. However, deep mining poses challenges due to the
coupling of complex stope structures and geostress, including high static confining pressure
and cyclic disturbance loads caused by mining activities such as blasting, drilling, coal
cutting, and periodic roof pressurization, among others [3-5]. This leads to a significant
increase in the frequency and intensity of catastrophic coalburst disasters [6], ultimately
limiting the safety and sustainable development of coal mines. Coalburst accidents are
often accompanied by severe damage, which can instantaneously destroy working faces or
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roadways of several meters to hundreds of meters, resulting in support failure, equipment
damage and casualties. By the end of February 2023, a total of 159 coalbursts occurred in
mines with a buried depth of more than 600 m in China [7]. For example, the coalburst
accident in Longyun Coal Industry in Heze City, Shandong Province, in October 2018
caused a total of 21 deaths and significant economic losses, causing serious damage to nearly
200 m roadways. In addition, the phenomenon of coalburst in Poland, the United States,
Germany, South Africa, India and dozens of other countries and regions have occurred.
To accurately simulate the real stress environment of mine sites, it is crucial to conduct
experiments involving the deformation and failure of coal samples under multiaxial cyclic
loading and unloading while subjecting them to various confining pressures. By conducting
a comprehensive analysis of the mechanical behavior and forewarning characteristics of
coal under in-site mining conditions, this research can effectively uncover the failure
mechanisms and precursor responses of coalburst disasters, which is crucial in promoting
the safe and sustainable development of deep coal mining.

Triaxial tests have been extensively employed in the investigation of deformation,
failure, and mechanical behavior of coal or rock, allowing for the replication of complex
stress conditions encountered in the field [8,9]. For example, Zhou et al. [10] conducted
a study on the failure characteristics and mechanisms of coal under different confining
pressures and graded loads. Their findings indicated that higher confining pressures
resulted in the accumulation of more elastic strain energy in the coal prior to failure.
Li et al. [11] proposed the concept of an energy dissipation ratio to examine the influence of
confining pressure on the mechanical properties and damage evolution of rock structures
using triaxial cyclic load experiments. Du et al. discovered that the ultimate strength and
residual strength of coal samples exhibited a linear increase with confining pressure, and
that confining pressure could impede crack expansion while enhancing the energy storage
capacity of coal [12]. Duan et al. [13] investigated the effect of triaxial cyclic disturbance on
the mechanical characteristics of coal and determined that the intermediate principal stress
grading cycle had a more significant influence on the intermediate and minimum principal
strains compared to the maximum principal strain.

The subsequent release of stored strain energy in loaded materials, in the form of
elastic waves, is referred to as acoustic emission (AE) [14,15]. By analyzing the temporal
variations in AE characteristic parameters, such as ring count, energy, RA/AF value,
frequency, among others, the microcracking evolution during the failure process of coal can
be monitored, thereby providing an early warning for material instability precursors [16].
Li et al. conducted an analysis on the fractal characteristics of AE signals in coal samples
subjected to triaxial multi-stage loading. They observed that the fractal dimension gradually
decreased after the initial fluctuations in the loading stage, reaching its minimum when
damage occurred [17]. Applying the critical slowing-down theory, Kong et al. [18] found
that it is easier to identify the variance mutation point in the AE signal prior to coal
sample failure compared to the autocorrelation coefficient. In their research, Zhou et al. [19]
explored the correlation between AE parameters of coal samples and disturbance amplitude.
They determined that shear cracking played a significant role in the instability and failure
of loaded coal. Wang et al. established a relationship between coal sample deformation
and AE response by analyzing changes in stress, strain, time, and AE parameters [20].

Indeed, the previously conducted research has contributed significantly to our un-
derstanding of the failure process and AE response characteristics of coal and rock under
triaxial stress. However, further studies are needed to investigate the mechanical behav-
ior of coal under multiaxial cyclic loads with varying confining pressures, as well as the
precursor law of AE response leading up to damage and failure. The mechanism behind
the instability and failure of coalburst under such in-site mining cyclic loads subjected to
different confining pressures remains unclear.

To address this research gap, this paper conducted multiaxial cyclic loading and un-
loading failure experiments on coal samples under different confining pressures (0 MPa,
5MPa, and 10 MPa). The aim was to analyze the effect of confining pressure on the mechan-
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ical properties of coal, the evolution of energy, as well as the AE time-varying characteristics
during the failure process of coal. Furthermore, the nonlinear fractal theory and critical
slowing theory were employed to analyze and discuss the precursor characteristics of coal
sample failure under such stress conditions. The results obtained from this research will
significantly contribute to a deeper understanding of the mechanical behavior and pre-
cursor patterns associated with coalburst disasters in mining environments. Furthermore,
these findings will establish an experimental foundation for disaster monitoring and early
warning systems, particularly for events like coalburst. Ultimately, the insights gained from
this study will help enhance the safety and sustainability of deep coal mining operations.

2. Experimental System, Material and Scheme
2.1. Experimental System

The experimental systems utilized in this paper primarily consist of a multiaxial loading
device and an AE monitoring system, as depicted in Figure 1. The AE monitoring system
comprises an AE acquisition card, AE sensors, pre-amplifier and Rock Test for Express-
8 software. This system enables real-time collection of AE parameters and facilitates the
three-dimensional localization of AE events. Throughout the testing process, the triggering
threshold is set to 40 dB and the sampling rate is set at 1 MSPS. To ensure effective signal
reception by the AE sensors during coal failure, a special bracket is employed to securely
attach the AE sensor onto the sample’s surface using a thin layer of Vaseline coupler.

Multiaxial test machine E
-
|}

Loading pole : p Multiaxial  §
container !

Section view

Figure 1. Experimental system and setup.

The multiaxial loading device comprises an independent axial loading and confining
pressure loading system. For axial loading, the YAW4306 microcomputer-controlled electro-
hydraulic servo pressure testing machine is utilized. This machine includes a hydraulic
oil pump, DSC controller, and PowerTestV3.3 control program. The confining pressure
loading system operates with the assistance of two hydraulic systems driving cylinders.
The test force indication of these testing machines demonstrates a relative error accuracy of
£1%. The device has a maximum axial load capacity of 3000 kN and a maximum confining
pressure of 30 MPa. It offers functionalities such as force or displacement closed-loop
servo control and constant confining pressure retention. Additionally, the device enables
real-time recording of load and displacement test curves, meeting the requirements of
multiaxial cyclic loading and unloading tests under varied confining pressures.

2.2. Coal Sample Preparation and Properties

The coal samples utilized in this study was obtained from 800 m underground of a
coal mine in Shanxi Province, China. To ensure sample homogeneity, the coal block was
cut into cube-shaped samples measuring 100 mm x 100 mm x 100 mm using a cutting
machine. A total of nine samples were prepared in this manner. The sample surfaces were
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polished using a grinder to achieve a roughness of less than 0.2 mm. The basic mechanical
parameters for these coal samples in the study are outlined in Table 1: density of 1.30 g/cm?,
P-wave velocity of 1383 m/s, S-wave velocity of 745 m/s, elastic modulus of 1.86 GPa, and
Poisson’s ratio of 0.295.

Table 1. Specimen ID of loaded coals and their mechanical parameters.

Density P-Wave S-Wave Elastic Poisson’s
Sample ID (g/cm®) Velocity Velocity Modulus Ratio
(m/s) (m/s) (GPa)
C0-1 1.29 1377 742 1.79 0.297
C0-2 1.29 1389 745 1.83 0.292
C0-3 1.30 1385 743 1.89 0.297
C5-1 1.30 1382 748 1.84 0.298
C5-2 1.31 1379 749 1.87 0.296
C5-3 1.29 1390 742 1.85 0.293
C10-1 1.29 1379 745 1.92 0.295
C10-2 1.31 1378 747 1.89 0.297
C10-3 1.32 1388 744 1.86 0.289

2.3. Test Scheme and Procedure

Considering the average uniaxial compressive strength of the coal material used in
this study (i.e., around 15 MPa) and the in situ three-dimensional stress state during deep
coal mining (o = 03 = 0.6~0.8 ¢1), a maximum confining pressure of 10 MPa was selected
for the experiment to investigate the mechanical behaviors and precursory characteristics
of coalburst under in situ stress conditions. Additionally, confining pressures of 0 MPa
and 5 MPa were chosen for comparative analysis of their effects on mechanical parameters
and AE response. The experimental procedure involved loading the coal sample into
the test system’s experimental chamber and securing it with a fixture. AE sensors were
then affixed to the sample’s surface, and a certain prestress was applied, ensuring close
contact between the working piston and the coal sample’s surface. Subsequently, all
three directions of the sample were simultaneously loaded at a rate of 500 N/s. Once
the lateral confining pressure (0, = 03) reached the desired value, lateral loading ceased.
The axial loading—unloading process then continued at a rate of 500 N/s. Unloading was
halted when reaching o = 03 = 03 in each cycle, and axial loading was resumed to the
predetermined stress value in the subsequent cycle. In the final cycle, the coal sample
was axially loaded until it reached complete failure. Figure 2 illustrates the specific cyclic
loading and unloading path.

- Failure point
I o3

o
Cycle N 1
%lz Cycle 3 v

Stress/o

0,703
(0,5 and 10 MPa)
500N/s

\j

Time/s

Figure 2. Stress path of the multiaxial cyclic loading procedure.
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3. Mechanical and Energy Evolution of Coal under Mining Cyclic Loads
3.1. Mechanical Properties

To improve the reliability of the test results, the experiment was conducted three
times at each confining pressure (0 MPa: C0-1, C0-2, and C0-3; 5 MPa: C5-1, C5-2, and
C5-3; 10 MPa: C10-1, C10-2, and C10-3). Considering the repeatability and similarity of
the results, only one sample at each confining pressure was analyzed and presented here.
Figure 3 illustrates the mechanical curves of sample C0-1, C5-2, and C10-2 under various
confining pressures, as determined from the experimental data.
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Figure 3. Mechanical curves of coal under multiaxial cyclic loads.



Sustainability 2024, 16, 2103

6 of 20

50

Figure 3 illustrates the mechanical curves of coal under multiaxial cyclic loading
with various confining pressures, where the deviatoric represents the difference of axial
stress and the confining presses (i.e., ©1 — 03). It is evident that the deformation process
of coal can be divided into four stages [21,22]: (1) Initial compaction stage: During this
stage, the coal sample experiences cyclic loading, leading to the compaction of the original
microcracks. The stress and strain exhibited during this stage are relatively low. (2) Linear
elastic stage: This stage occurs when the specimen is loaded to around 30-60% of its
strength stress. Vertical compaction continues, and internal cracks gradually expand in a
stable manner, resulting in a near-linear relationship between stress and strain. (3) Plastic
deformation stage: As the cyclic process continues, a significant number of new cracks
are generated, and existing cracks expand rapidly. The stress and strain exhibit distinct
nonlinear characteristics, and irreversible deformation rapidly increases. (4) Post-peak
stage: In this stage, microcracks continue to expand and penetrate in an unstable manner.
The axial stress suddenly decreases, while the axial strain experiences a sharp increase.
Eventually, a macroscopic fracture surface forms, leading to complete sample failure.

In order to analyze the influence of confining pressure and cyclic numbers on the
mechanical properties of coal samples, key parameters such as peak stress, peak strain,
residual strain, and elastic modulus are extracted from Figure 3. These results are presented
in Figure 4. The analysis reveals a significant positive linear correlation between the
mechanical parameters (e.g., peak strength, peak strain, and elastic modulus) of coal
samples and confining pressure. Comparatively, when subjected to higher confining
pressures (5 MPa and 10 MPa) as opposed to uniaxial (i.e., confining pressure = 0 MPa)
cyclic loading, the mechanical parameters of coal samples increase notably: the peak
stress intensity increases by 100.91% and 156.18% (Figure 4a), the peak strain increases by
92.93% and 151.77% (Figure 4b), and the elastic modulus increases by 18.26% and 36.52%,
respectively (Figure 4c). During cyclic loading of coal samples, the residual deformation
in each cycle progressively increases due to the elevated stress level. Additionally, the
presence of confining pressure further amplifies the residual deformation. Indeed, higher
confining pressures resulted in larger residual deformation and hysteresis loops in the
strain—stress curve after each cycle (Figure 4d). Moreover, the elastic modulus generally
exhibits an increasing trend with an increment in the number of cycles.
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Figure 4. Confining pressure effects on mechanical properties of coal.

3.2. Energy Evolution Characteristics

The deformation and failure of samples are fundamentally unstable phenomena result-
ing from energy transformation, which encompasses the energy accumulation, dissipation,
and instantaneous release [23]. During cyclic loading and unloading, the axial stress ap-
plies positive work to compress the coal sample, causing it to store energy through elastic
deformation. When unloading occurs, a portion of the stored energy is released, while the
remaining energy is dissipated, leading to irreversible deformation. Assuming there is no
heat exchange during the loading process, part of the total work conducted by the external
world (referred to as the total input energy, Ur) is converted into reversible energy (Ug),
which accumulates elastically within the coal sample. The other portion is transformed
into irreversible energy (Ur), which is consumed during the fracture process of the coal
sample. This energy specifically consists of the newly generated surface energy due to
crack propagation, as well as the energy of geophysical signals such as AE released to
the surroundings.

In the cyclic processes before the final cycle, Ug and Uj can be obtained by integrating
the stress and strain curves of the loading and unloading stages separately (Figure 5a), and
Ur is the sum of Ug and U;. For the last cyclic process (Figure 5b), the following formulas
are used to calculate Uy, Uk and Uj [24,25]:

2
;!

n ) ' ' '
= = o) ) .
0 i=1
)
-
Ur = Al )
UI = UT — UR (3)

where A and [ are the area and length of the coal specimen, respectively; E is the Young’s modulus.
The values of Ur, Ug, and Uj are calculated and presented in Table 2 based on
Equations (1) to (3) for different confining pressures and cycles. When the confining
pressure remains constant, Ur at the peak load is significantly larger than Uy in the previous
cyclic process (i.e., at low stress levels), indicating that the majority of Ur is stored as
reversible elastic energy. As the number of cycles increases (corresponding to higher stress
levels), both Ug and U; exhibit gradual increments; however, the increase in U;j surpasses
that of Uy, leading to a gradual reduction in the disparity between Ug and Uj. During
the final cyclic process, Uy stored in the sample after reaching the peak load is rapidly
converted into Uj, resulting in instantaneous energy release and sample destruction. Under
the influence of the confining pressure, both U and U within each cycle exceed the values
observed without the confining pressure. Moreover, a higher confining pressure enables
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the sample to withstand greater axial stress, thereby amplifying the conversion of Ur and
U;. The presence of the confining pressure restricts the outward ejection of the sample,
inhibiting the release of Uy, enhancing the plasticity of the coal sample, weakening the
dynamic impact effect, and yielding a substantial residual stress even after failure of the
sample (Table 2).

Peak stress

i Peak stress
E Ireversible energy at peak load D lrrevel:s.1ble ene'rgy
(hystersis loop) at ta?luru point
[ IReversible energy at peak load ) Rever51‘ble energy
at failure point
2 @ Failare
S 4 point
= =
v Rl
» v
% o]
< <
o “ : . & 0 o . . £ &
Axial strain Axial strain
(a) (b)

Figure 5. Illustration of energy calculation under multiaxial cyclic loads. (a) Cyclic processes before
the final cycle; (b) last cyclic loading.

Table 2. Energy and AE varying results of coal under multiaxial cyclic loads.

Confining Cvcles Residual Reversible Irreversible  Input Energy Felicity Ratio D

Pressure y Deformation (%) Energy (J) Energy (J) ()] y Value
1 0.31 6.52 1.99 8.51 / 1613

2 0.33 16.23 3.55 19.78 1.532 :
3 0.38 26.96 5.79 32.75 1.203 1.554

0 MPa 4 0.44 38.03 8.54 46.57 1.023 :
5 0.57 51.75 19.28 71.03 0.953 1455

6 0.68 66.94 22.10 89.04 0.825 :
7 / 10.07 210.18 250.85 0.715 1.397
1 0.49 34.64 15.14 49.78 / 1.578
5 MP 2 1.52 160.01 65.27 22527 1.060 1.510
a 3 2.08 192.87 157.73 350.60 0.894 1.456
4 / 111.03 1052.9 1163.93 0.722 1.329
1 0.49 55.00 22.30 77.30 / 1.505
10 MP 2 191 251.97 83.04 335.01 1.102 1.429
a 3 2.70 315.10 230.13 545.23 0.944 1.373
4 / 178.36 1412.13 1590.49 0.781 1.290

4. AE Varying Characteristics of Coal under Multiaxial Cyclic Loads
4.1. Evolution of AE Characteristic Parameters

The AE characteristic parameters are capable of effectively reflecting the microcracking
evolution of coal samples under different stages of mechanical loads [26]. Figure 6 illustrates
the time-varying evolution of the AE count and accumulated energy of coal samples
subjected to multiaxial cyclic loads. Each cycle exhibits distinct phases in the AE count,
including a quiet period, pre-peak active period, peak period, and post-peak period. During
the quiet period, which occurs prior to compaction and before reaching the maximum
stress of the previous cycle, the occurrence of AE events is minimal. In the pre-peak
active period, the AE count gradually increases as cracks start to form in the coal sample
and reach the maximum stress of the previous cycle. The peak period corresponds to
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the cyclic loading stress reaching its maximum value, during which the AE count also
reaches its maximum. The post-peak period predominantly occurs during the unloading
phase, characterized by a gradual decrease in AE counts, until no signals are detected. The
accumulated AE energy progressively increases with each cycle, rising proportionally with
the applied load. Conversely, during the unloading phase, the accumulated AE energy
remains relatively constant. The increase in confining pressure significantly amplifies both
the AE count and energy, suggesting more active microcracking behaviors in coal samples
under confining pressure.
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Figure 6. AE time-varying characteristics of coal under multiaxial cyclic loads.

Research has shown that when the applied load is below the maximum load ever
experienced, the recorded AE signal is minimal. Conversely, when the load exceeds the
maximum load ever experienced, the AE events become active and increase rapidly. This
phenomenon is known as the Kaiser effect, also referred to as the memory effect [27]. The
accuracy of the Kaiser effect can be evaluated using the Felicity ratio, which is defined as
the ratio between the stress level at which the AE signal experiences a rapid increase and
the maximum stress ever experienced [28]:

X;

F=2L
1 Xm

4)
where F; is the Felicity ratio of the i-th cycle; X; is the stress when the AE signal increases
rapidly at the i-th cycle, and X, is the maximum stress of the previous cyclic loads.
When the Felicity ratio is equal to or greater than one, it indicates that the AE signal
exhibits a significant memory effect regarding the maximum bearing stress. Conversely,
a Felicity value less than one suggests an anti-Kaiser effect in the AE behavior, which
indicates more severe microcracks and an increased level of damage. The severity of the
damage level of the loaded material can be inferred based on the magnitude of the Felicity
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ratio, with smaller values corresponding to more pronounced effects. Table 2 illustrates
the AE Felicity ratios at different stages of coal under multiaxial cyclic loads. During the
early stages of the whole cyclic process, the Felicity ratio is relatively large. This suggests
that the coal sample’s internal cracks are in the compaction stage, while the recovery of
the AE signals lags behind. As the number of loading and unloading cycles increases, the
Felicity ratio gradually decreases, indicating a decrease in the accuracy of the Kaiser effect
memory. Comparing the Felicity ratio at each cycle reveals that as the confining pressure
increases, the ratio approaches one. This suggests that the presence of confining pressure
enhances the stability of the Kaiser effect memory, with higher confining pressure leading
to improved stability.

4.2. Shear-Tensile Property of Microcracks Judged by AE

The acoustic emission monitoring system used in the experiment has eight channels,
and we selected the data from one of the channels for analysis. Whenever the sensor
picks up a waveform, we determine that the waveform is generated by a microcrack [29].
According to the waveform characteristics of the AE signals, the relative amplitude (RA)
and the average frequency (AF) can provide insights into the shear-tensile properties of
stress-induced microcracks. The RA is determined as the ratio of the AE rise time to the
amplitude, while the AF is calculated as the ratio of the AE count to the duration [30-32].
Previous studies have indicated that shear cracks typically produce low-frequency and high-
amplitude AE signals, resulting in a small AF to RA ratio. Conversely, tensile microcracks
are associated with high-frequency and low-amplitude AE signals, leading to a large AF to
RA ratio [30,33]. In this paper, the ratio K of AF to RA is employed to discern the tensile and
shear properties of microcracks during the failure process of coal subjected to multiaxial
cyclic loading conditions. A threshold value of K = 2 is used; when K > 2, it indicates a
tensile crack, whereas when K < 2, it suggests a shear crack [34,35].

The probability distribution density of RA-AF for different cycles under varying
confining pressures is depicted in Figure 7. The initial cyclic process indicates that AE
events are predominantly concentrated in the upper left region (small RA value, large AF
value, K > 2), suggesting that tensile microcracks primarily develop in the coal sample at
low stress levels. As the number of cycles increases, the stress level gradually escalates,
and the dense area of the AE signal progressively shifts from the upper left to the lower
right (large RA value, small AF value, K < 2). This transition signifies an increase in shear
microcracks within the coal sample, reaching its maximum value during the final cyclic
loading phase. Moreover, the density of shear microcracks also gradually increases with
higher confining pressures. This phenomenon arises due to changes in the stress state of
the coal sample during the loading and unloading process. Consequently, the damage
evolution process and crack formation in the coal sample are altered. The growth of shear
microcracks with increasing stress and confining pressure underscores their crucial role in
the failure process of coal samples under confining pressures.

Cycle: 1 ~2 Cycle:3~4 Cycle: 5~ 6 Cycle: 7

Density
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Figure 7. Cont.
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Figure 7. RA-AF probability density of coal under multiaxial cyclic loads.

Figure 8 presents the cumulative number of tensile and shear microcracks with respect
to time, providing further insight into the evolution of these microcracks during the
multiaxial cyclic process of coal samples. It is observed that, at the same confining pressures,
both tensile and shear microcracks exhibit a substantial increase during the loading stage of
each cycle, while their numbers remain relatively stable during the unloading stage. This
behavior can be attributed to the continuous development and expansion of coal sample
microcracks, as well as the generation of new microcracks and their connection during the
loading process, which collectively contribute to the overall increase in microcrack numbers.
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Figure 8. Shear and tensile events evolution of coal under multiaxial cyclic loads.

Upon analyzing the specific confining pressures, it is evident that, at a confining
pressure of 0 MPa, tensile microcracks dominate the entire cyclic process (see Figure 8a).
However, under the influence of confining pressure, the microcracks generated at the initial
cycles in the coal sample are still predominantly tensile cracks. Over subsequent cycles, the
occurrence of shear microcracks gradually increases and ultimately becomes the dominant
microcrack mechanism (Figure 8b,c). Notably, prior to the failure of the coal sample, there is
a significant and abrupt rise in shear events, with a greater proportion of shear microcracks
generated as the confining pressure increases (Figure 8d). This observation supports the
notion that confining pressure promotes the formation of shear cracks, and the behavior of
shear cracks serves as a more intuitive indicator of the coal sample failure process. These
findings align with the occurrence of tensile-shear mixed failure mechanisms observed
at lower confining pressures, with shear fracturing surfaces taking precedence at higher
confining pressures.

4.3. RS Fractal Features of AE Signals

The temporal evolution of AE signals during the damage process of coal samples
exhibits a nonlinear behavior [36] The paper selects acoustic emission counts for RS fractal
analysis. Fractal theory, being a nonlinear scientific framework, has the capability to unveil
identical structural principles within seemingly unrelated phenomena. The RS analysis
method, initially proposed by Hurst, has found extensive utility in analyzing diverse time
series [34]. In this study, the AE signal is considered as a time series {X(t),t=1,2,3, ...,
N}, comprising N subintervals of equal length A. Subsequently, for each subinterval, the
following relationship holds [36]:

A
Xt,n = Z (Xn - Mn) (5)

n=1

where M, represents the average value of the n-th subinterval X;;, and X; , denotes the
cumulative deviation of the n-th subinterval.

Hurst found that the statistical relationship between the range R of X;, and the
standard deviation S of the X, sequence can be expressed in exponential form [37,38],

as follows: R
5= K(m)" (6)

where H represents the Hurst index, which serves as a measure of the statistical correlation
within a time series. When 0 < H < 0.5, the time series exhibits inverse state persistence,
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value of D

indicating a negative correlation. Conversely, when 0.5 < H < 1, state persistence is observed,
and the time series is characterized by a trend-enhanced sequence with an overall positive
correlation that is increasing.

The logarithm is applied to both sides of Equation (6). Following this, a least square
regression analysis can be conducted using the variables log() and log(R/S)n to calculate
the H value. The H value is then used to calculate the fractal dimension D.

D=2-H (7)

The fractal dimension D is a measure of the irregularity and complexity of a time series.
In the case of AE time series, a higher D value indicates a more irregular and complex
deformation process, whereas a lower D value suggests a more regular deformation process.
Figure 9 illustrates the variation of D values obtained from the slope of the fitted line, and
Table 2 presents the calculated D values. The results show that for each cyclic loading
and unloading under different confining pressures, the H values of the coal samples range
between 0.5 and 1.0. This indicates a positive correlation between the microcracking
behaviors in loaded coal samples and the Hurst statistical law of the AE signals. With an
increasing number of cycles, the D value exhibits a declining trend overall, implying a
strengthening regularity in the deformation failure of the coal samples. Comparing the D
values under different confining pressures reveals a negative correlation with the confining
pressure. Higher confining pressures result in smaller D values, suggesting that confining
pressure enhances the regularity of deformation and failure in coal samples.
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Figure 9. AE nonlinear fractal features of coal under multiaxial cyclic loads.

5. Discussion
5.1. Confining Pressure Effects on Coal Mechanical and AE Parameters

Based on the analysis above, it can be observed that the deformation stage of coal
samples under different confining pressures exhibit similar basic characteristics. However,
as the confining pressure increases, the elastic modulus, peak strength, and peak strain
of the coal samples also increase. This can be attributed to the propensity of microcracks
within the coal sample to deform under stress. Higher confining pressures result in the
strengthening of the physical and mechanical properties of the coal samples, along with
enhanced friction on the fracture surface. These factors further impede the deformation
and failure of the coal samples, thereby increasing their bearing capacity. Additionally, the
application of confining pressure improves the stiffness and ductility of the coal sample,
leading to increased compressive strength. Consequently, the coal samples are capable of
withstanding higher levels of stress, achieving greater deformation, and exhibiting more
pronounced plastic characteristics. Moreover, the enhanced stiffness resulting from higher
confining pressures prolongs the time required for failure to occur.

The energy conversion during a complete cycle is influenced by both axial stress and
axial strain. When comparing the same axial strain, a higher confining pressure results
in greater energy conversion. This is because increased confining pressure enhances in-
terlocking friction among surrounding fractures, requiring more energy absorption and
dissipation for the same level of damage. The effect of confining pressure causes a higher
proportion of the external force to be converted into reversible energy in the form of elastic
strain energy during the compaction stage and elastic stage. In the plastic stage, reversible
energy continues to dominate, although it slows down as microcracks generate and propa-
gate in an unstable manner, leading to an increase in irreversible, dissipative energy. During
the post-peak stage, the microcracks of the coal sample experience continuous expansion
and convergence, resulting in the ultimate destruction of the coal sample as a whole. This
stage witnesses a significant increase in irreversible energy.

The AE count serves as a more reliable indicator of the development of microcracks
in loaded coal samples. A higher AE count signifies a faster crack propagation rate.
As the confining pressure increases, the AE count also tends to increase. This can be
attributed to the stronger constraint effect imposed on the coal sample by higher confining
pressures. The application of confining pressure enhances both the bearing capacity and
shear failure strength of the coal sample. Consequently, shear failure occurs along the
internal weak structural planes, and at both ends of the coal sample during cyclic loading
and unloading. This phenomenon results in the generation of a larger number of shear
cracks. Over time, the fracture morphology of the coal sample undergoes a gradual
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transition from a predominantly tensile fracture-dominated complex form to a shear-
dominated fracture morphology.

5.2. AE Multi-Parameter Precursor Response

During the transition of a complex dynamical system from one phase state to another,
certain dispersed fluctuation phenomena, which promote the formation of new phases,
often emerge near the critical point. These phenomena include an increase in amplitude,
prolongation of fluctuation time, slow recovery rate of disturbance, and decreased recovery
ability. When a system’s parameter approaches a critical threshold, the phenomenon known
as critical slowing-down causes an increase in the autocorrelation coefficient and variance
in the system’s characterization.

As a result, the variance and autocorrelation coefficient of the analysis parameter are
commonly employed to observe the precursory response. These measures are used to
detect the subtle changes that occur before the transition from one phase state to another.
By monitoring the changes in variance and autocorrelation coefficient, researchers can gain
insight into the upcoming transition in the complex dynamical system.

Let us assume the existence of a state parameter that experiences a forced disturbance
with a period of At. During the disturbance process, the parameter’s recovery rate is
denoted as A. A regression model can be formulated to approximate the relationship,
which is expressed as follows [39,40]:

Xp1 = My, +sey (8)
where, X, represents the deviation of the parameter from its equilibrium state. The square
of S denotes the variance, which is a measure of the degree of deviation of the data from
the average value. ¢, is a random variable that follows a normal distribution. When the
recovery rate A and the disturbance period At are independent of X;;, the regression model
can be simplified as follows:

Xpi1 = &Xy + S€y )

where « is the autocorrelation coefficient.

The autocorrelation coefficient « can be calculated with the formula a = e*t, which
relates to the exponential relationship described in Equation (8). The autocorrelation
coefficient (denoted as p) is a statistical measure that quantifies the correlation between
different moments of the same variable. Specifically, for a parameter g with a total of n
data points and a lag step of j, the calculation formula for the autocorrelation coefficient is

as follows: .
n— = . T
_ qi —4q di+j —4
= () () 0

i=1

By utilizing the variance to analyze the regression process represented by Equation (9),
we can obtain the following result:

s2

1 2 (1)

Var(xy11) = E (%) + (E(x))?
In the approach to the critical point, several behaviors become apparent. The recovery
rate of disturbances slows down, the autocorrelation coefficient increases, and the variance
tends towards infinity. These changes in the autocorrelation coefficient and variance of
the system can serve as precursory signals of coal sample failure, as they align with the
system’s nearing of the critical point. Furthermore, the fractal dimension D, obtained
through fractal analysis, exhibits variations throughout the loading and unloading process.
Before the critical failure of the coal sample, a significant mutation in the D value occurs,
making it another useful precursor signal.
Determining the appropriate window length and lag step length is essential before
analyzing the autocorrelation coefficient and variance. The window length represents the



Sustainability 2024, 16, 2103

16 of 20

Stress (MPa)

ue (x10%)

Vi

o value (<10 %)

D value

Var value (<10%)

Stress (MPa)

u value (10 )

D value

28
14

16

ar Deviatoric stress — Deviatoric stress
7
0
2F
OF —AE count I —— AE count
3t J
of e A— JJ :
4 f
2F —— AE amplitude I Zoom = AE amplitude
‘3) r P ﬁ,,,h J’N in
H N ?
f | ——AE m“mm | =——AE count .
) H H
sk i Last W
s _ - cycle ' :
0 —— AE amplifude : = AE amplitude Y,
N j‘l-w
6 i ;
A — Hurst index M
2 1 1 L 1 L L 1 1
0 400 800 1200 1600 2000 1800 1830 1860 1890 1920 1950
Time (s) Time (s)
(a) CO-1
I Deviatoric stress Deviatoric stress
4 — AE count [ — AE count
H [ Zoom
7 —— AE amplitude in —— AE amplitude
: \ :
I —— AE count ¥ L ;
[ e J"—/\L«WJ Last W
i cycle
: = AE amplitude ' — AE :lmplilu(ley—h-‘/v\-\
W = Hurst index Js.
0 800 1600 2400 3200 2560 2720 2880 3040
Time (s) Time (s)
(b) C5-2

basic unit for sequence calculation, while the lag step length signifies the lag sequence
length from one sequence of the selected window length to another identical new sequence.
In this paper, the loading and unloading experimental data of coal samples under various
confining pressures utilize a window length of 3000 and a lag step of 1500. Figure 10
displays the obtained critical diffusion characteristics and variations in the fractal dimension

D for certain AE parameters under different confining pressures.

Figure 10. Cont.
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Figure 10. AE multi-parameter precursor response characteristics.

Before the coal sample is destroyed, the autocorrelation coefficient and variance of
the two AE counts and amplitude exhibit a sudden increase. Additionally, the variance
undergoes a more pronounced change at the inflection point of the mutation. Analysis
from Section 4.3 demonstrates a consistent decrease in the D value throughout the entire
loading and unloading process. Furthermore, when combined with Figure 10, it can be
observed that the amplitude of the decrease significantly intensifies as the coal sample
approaches destruction. Comparing the occurrence time of precursor signals under three
different confining pressures, it is evident that in the presence of constricting pressure,
the occurrence time of precursor signals indicating coal sample failure is advanced for
several parameters. Specifically, the autocorrelation coefficient exhibits the earliest change,
followed by the D value, while the variance change occurs last. By analyzing the changes in
these three signals, the occurrence of coal sample failure can be more accurately predicted.

Coal, being a heterogeneous material, contains internal microcracks that exhibit
anisotropic behavior [41]. Consequently, accurately understanding the characteristics
and precision of stress damage-related early warnings becomes challenging. This study
aims to address this issue by analyzing the precursory response characteristics of various
parameters. The findings indicate that during multiaxial cyclic loads, the self-correlation
coefficient, and variance of AE count and amplitude increase before the instability and
failure of coal samples, while the D value decreases. These parameters exhibit timely
changes in failure precursors, with increasing amplitude being particularly noteworthy.
The autocorrelation coefficient of AE count and amplitude shows critical slowing down,
serving as an initial signal, while the fractal dimension D acts as a medium-term signal.
The variance in the AE count and amplitude exhibits critical slowing down and can be
utilized as a critical signal. By monitoring these parameter changes, the instability and
failure of coal samples can be accurately predicted, offering a reliable foundation for project
monitoring and early warning. Thus, the significance of this research cannot be overstated.

6. Conclusions
To promote safety and sustainable development during deep coal mining, the mechan-

ical and precursory varying characteristics of coalburst subjected to in-site mining cyclic
loads are analyzed, and the influence of confining pressure is discussed. The AE precursor
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for coal instability is identified using Hurst fractal and critical slowing down analysis. The
main conclusions of this study are as follows:

The mechanical parameters, including peak stress, strain, and elastic modulus of coal
samples, demonstrate an increase with increasing loading cycles. These parameters also
exhibit a positive correlation with the applied confining pressure. Moreover, an examination
of the energy evolution mechanism highlights that an increase in confining pressure leads
to higher elastic strain energy and dissipation energy in coal samples, resulting in a gradual
increase in their plasticity.

The AE count and accumulated energy show a notable correlation with cyclic stress.
As the cyclic number increases, the Felicity ratio of the AE gradually decreases. Similarly,
the variation in the AE RA /AF value demonstrates that with increasing stress and confining
pressure, the prevalence of shear cracks rises gradually. This trend signifies the shift from
tension-shear mixed-mode fracture under low confining pressure to predominantly shear
fracture under high confining pressure. Furthermore, the AE responses conform to the
Hurst statistical law, with increased confining pressure enhancing the predictability of
deformation and failure in coal.

The abrupt escalation in the variance and autocorrelation coefficient of the AE count
and amplitude, along with the reduction in the fractal D value, serve as precursory signals
of impending catastrophic failure. These precursory phenomena can be categorized into
early, intermediate, and imminent warning signals based on their occurrence time. These
experimental findings offer significant insights that can form the basis for the development
of early warning systems to mitigate coalburst disasters. By leveraging these insights, the
safety and sustainability of deep coal mining operations can be greatly enhanced.
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