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Abstract: Research on the mining-induced mechanical behavior and microcrack evolution of
deep-mined coal has become increasingly important with the sharp increase in mining depth.
For rock units in front of the working face, the microcrack evolution characteristics, structural
characteristics, and stress state correspond well to mining layouts and depths under deep mining. The
acoustic emission (AE) characteristics of typical coal under deep mining were obtained by conducting
laboratory experiments to simulate mining-induced behavior and utilizing AE techniques to capture
the variation in AE temporal and spatial parameters in real time, which provide an important basis
for studying the rupture mechanisms and mechanical behavior of deep-mined coal. The findings
were as follows: (1) AE activity under deep mining was characterized by three stages, corresponding
to crack initiation, crack stable propagation, and crack unstable propagation. As the three stages
proceeded, the AE counting rate and AE energy rate presented stronger clustering characteristics,
and the cumulative AE counting and cumulative AE energy exhibited a sharp increase by an order of
magnitude. (2) The crack initiation and the main stages of crack propagation were determined by
characteristic points of variation curves in the AE parameters over time. In the main crack propagation
stage, the number of cumulative AE events and the cumulative AE counts were similar among the
three mining conditions, while coal samples under coal pillar mining released the largest amount of
AE energy. The amount of accumulated AE energy released by coal samples increased by one order
of magnitude according to the sequence of protective coal-seam mining, top-coal caving mining,
and nonpillar mining. (3) Fractal technology was applied to quantitatively analyze the AE spatial
evolution process, showing that the fractal dimension of the AE location decreased as the peak stress
increased, corresponding to protective seam mining, caving-coal mining, and nonpillar mining. The
above results showed that the deformation and fracture characteristics of coal under deep mining
followed a general law, but were affected by different mining conditions. The crack initiation and
main rupture activity of coal occurred earlier under the conditions of protective seam mining, top-coal
caving mining, and nonpillar mining, successively. Moreover, nonpillar mining induced the strongest
and highest degree of unstable rupture of the coal body in front of the working face.
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1. Introduction

Worldwide, recoverable coal deposits will last just over 150 years at the current consumption
rate [1]; coal energy is playing an increasingly important role in supplying the primary energy of
developing countries such as China [2]. Coal is the dominant energy source in China, accounting for
76% and 66% of the primary energy production and consumption structure, respectively. In China,
coal mining activity has deepened at a rate of 0 to 25 m annually, with the mining depths of major
mines in the central and eastern regions of China reaching 800 to 1000 m [3-5]. As the mining depth
increases, the stress of the coal mass increases accordingly, which leads to phenomena such as a
high ground stress, high ground temperature, and high osmotic pressure, thereby inducing disasters
such as rock bursts, water inrushes, and coal and gas outbursts. The rheology of the surrounding
rock makes the roadway difficult to support and causes the associated maintenance costs to increase
dramatically [6]. To meet the worldwide demand for coal resources and ensure the safe and reliable
development of deep coal resources, it is particularly important to conduct research on issues related
to deep coal mining. In the past five years, many researchers have investigated various aspects of deep
coal mining. Yang et al. [7] carried out numerical simulations to study the mechanism for the large
deformation of a deep soft rock roadway. Sun et al. [8] studied the relationship between deep mining
and surface subsidence, and analyzed coal pillar safety for strip mining in deep mines. Kong et al. [3],
Wang et al. [4], Liu et al. [9] and Zhou et al. [10] carried out hydraulic fracturing in a high gassy coal
seam and reduced the coal seam gas content through surface shafts and underground deep holes to
eliminate the risk of coal and gas outbursts during the initial mining.

In situ coal in stress equilibrium exhibits the phenomena of deformation, failure, shock and
instability under mining operations. Therefore, the mechanical behavior of deep coal is closely related
to mining layouts and mining disturbances [11]. In the actual mining process, the coal mass in front of
the working face experiences a complete mining-induced mechanical unloading process, in which the
in situ stress and axial stress increase to failure while the confining pressure decreases [12]. Recently,
researchers conducted a series of studies on the mining-induced mechanical behavior of coal under
different mining conditions. Xie et al. [11] carried out mining-induced mechanical tests, and showed
that, under different mining layouts, the peak stress of coal and its corresponding axial strain and
circumferential strain decrease, while the volumetric strain increases in the order of nonpillar mining,
top-coal caving mining and protective coal-seam mining. Zhang et al. [13] studied the structural and
connectivity characteristics of coal sample ruptures under different mining layouts. Zhang et al. [14]
conducted laboratory tests and in situ observations from which they derived a theoretical expression
of the mining-induced permeability change ratio, observing that the stress evolution process under
different mining layouts affects the mechanical behavior and permeability change rate of the coal mass.
Zhang et al. [15] studied the fractal characteristics of fractures under different mining layouts, and
found that a relatively large volume of fractures can be generated in nonpillar mining, resulting in
a large number of fractures in front of the working face. Overall, based on the consideration of the
mining-induced mechanical behavior of coal, it was found that there are notable differences, in terms
of variations in strength characteristics, damage and permeability, among coal under different mining
layouts. Additionally, the yield criterion and failure mechanism of coal, considering the mining process,
were established. However, the existing research outcomes were not derived based on deep conditions.
The influence of different mining layouts on the mechanical properties and failure mechanism of coal
mass under the deep environment of high ground stress, high ground temperature and high osmotic
pressure is still unclear. To address this problem, it is necessary to simultaneously study the deep
environment and the mining conditions associated with deep coal mining.

Research on the mining-induced mechanical behavior of deep coal has usually focused on crack
evolution and the failure characteristics of coal. Microcrack propagation and the failure process of rock
are closely related to its acoustic emission (AE) behavior [16-19]. In recent years, three-dimensional
(3D) AE localization technology has been widely used in laboratory mechanical testing, and has
proven to be an effective method for studying crack propagation and failure characteristics [20,21].
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Su et al. [22] studied the AE and temperature variations of coal, and demonstrated that AE is the result
of thermal stress-induced crack formation and propagation. Agioutantis et al. [23] used AE to predict
rock damage, and showed that the local rock damage can be determined based on the occurrence
of AE events in the critical stress region. Coal exhibits poor homogeneity and complex mechanical
properties compared to other rocks, leading to some deficiencies in the current implementation of 3D
AE localization technology. Nevertheless, the technology has gradually matured and is now generally
stable. Many studies involving laboratory mechanical tests of coal and simultaneous 3D AE localization
have been published [17,24-26]. Because the mining-induced mechanical behavior of deep coal is
related mainly to unloading, it is, to some extent, still experimentally difficult to simultaneously use
AE localization technology while conducting a laboratory unloading experiment for mining simulation.
As a result, only a limited amount of literature exists in this area [17,24,27-29].

It is generally believed that deep mining corresponds to a coal-seam burial depth greater than
800 m [30,31]. In this study, a series of laboratory experiments were carried out to simulate the mining
process of coal at a burial depth of 1000 m, and real-time monitoring of this process was conducted
for simultaneous AE localization. The time series activities, spatial localization evolution and fractal
characteristics of AE under different deep mining conditions were studied to deepen the understanding
of the mining-induced mechanical behavior and rupture process of deep coal. In the study, three deep
mining conditions, i.e., protective coal-seam mining [32], top-coal caving mining [33], and non-pillar
mining [34], were considered.

2. Experimental Area

2.1. Sample Specification and AE Sensor

Samples were taken from working face 8105 of the Tashan Mine, operated by Datong Coal Industry
Group Co., Ltd. The coal seam has an average thickness of 18.17 m. The coal was processed into
cylindrical samples with a height of 100 mm and a diameter of 50 mm. Coal samples are relatively
difficult to process, so there is always a certain amount of error between the actual and ideal samples.
The statistical analysis of the 9 coal samples used in the test showed diameters in the range of 49.90 to
50.42 mm, and heights in a range of 98.53 to 100.46 mm. Some of the processed samples are shown in
Figure 1.

Figure 1. Coal samples.

Mechanical loading was performed using an MTS815 Flex test GT concrete and rock mechanics
test system. An AE system (PCI-2, Physical Acoustics Co./PAC) was used for data acquisition. The test
setup was exhibited in Figure 2. As shown in Figure 3, eight AE sensors were evenly placed on the
outer wall surface of the triaxial pressure chamber (an upper and lower circle of four sensors each). The
sensors were coupled with the wall of the pressure chamber by coating their contact area with Vaseline
and fixing them using a rubber ring, and were used for real-time monitoring of the time parameters
and spatial location of the AE events. The AE sensor model was a Nano30 resonator sensor, with a
peak frequency of 300 kHz and a working frequency band of 100 to 500 kHz. Because the sensor was
small (see Figure 3) and the chip was at the center of the probe, Vaseline was used as an adhesive to
ensure that the chip of the sensor probe fully contacted the measured point, thus ensuring that AE
signals could be received. In the test, the wave velocity was 1500 m/s and the threshold was 40 dB.
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(a) The mechanical loading system

Figure 2. Test setup.
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Figure 3. Distributions and dimensions of an AE sensor.
2.2. Test Process

According to various data collected from field tests, Xie et al. [12,35] summarized the variation
characteristics of the abutment pressure of the coal mass in front of the working face induced by actual
mining activities. The stress concentration coefficient & under different mining layouts differed under
the condition of similar roof property and mining depth, which were 2.5-3.0, 2.0-2.5, and 1.5-2.0
respectively, in the order of nonpillar mining, top-coal caving and protective seam mining. Nonpillar
mining is a longwall mining process in which there is no mining roadway and no reserves of coal
pillars, while protective seam mining is characterized by mining the protective layer in advance,
thus disturbing the adjacent coal seam to weaken its risk of coal and gas outburst. In the simulation
experiment, it was assumed that a was 3.0, 2.5 and 2.0 for nonpillar mining, top-caving mining and
protected seam mining, respectively. Therefore, based on the theory proposed by Xie et al. [12,36], the
entire mining-induced mechanical loading (unloading) process can be divided into three stages: the
hydrostatic pressure stage (OA), the first unloading stage (AB) and the second unloading stage (BC,
BD, or BE), as shown in Figure 4. In Figure 4, vy refers to the average specific gravity of rocks on top of
the coal seam and £’ is the triaxial compressive strength of coal. The simulated mining depth was
approximately 1000 m and the hydrostatic confining pressure in OA was defined as 25 MPa; from this,
the horizontal and vertical stress in each stage can be calculated.

Figure 5 exhibits the loading (unloading) scheme corresponding to different mining layouts at
1000 m depth. In the first stage, to simulate the influence of initial hydrostatic pressure on coal rock
before mining, the hydrostatic confining pressure was applied to an in situ stress state at point A (07 =
o3 = yH =25 MPa) at the same confining pressure loading rate of 3 MPa/min under each of the three
mining layouts. The second stage was the first unloading stage. With the occurrence of excavation
disturbance, the axial stress of coal rock increased and the horizontal stress decreased. All three groups
of coal samples were unloaded, starting from point A, at a confining pressure unloading rate of 1
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MPa/min; at the same time, all were loaded to point B (61 = 1.5 yH = 37.5 MPa, 03 = 0.6 yH = 15 MPa) at
an axial pressure loading rate of 2.25 MPa/min. In other words, the axial stress was increased at a rate
of 2.25:1 and the lateral stress was reduced. After point B, the specimen was divided into three loading
paths to reflect the stress effect produced by different mining methods. The three mining layouts were
associated with the same confining pressure unloading rate of 1 MPa/min and axial loading rates of
2.25 MPa/min (protective seam), 3.5 MPa/min (top-coal caving) and 4.75 MPa min (nonpillar) until
sample failure.

| | 62=062=0.6yH | 6:=6:=02yH |
g 0A I AB | BC,BD,orBE |

Figure 4. The stress state of coal mass in front of the working faces under three different mining layouts.
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Figure 5. The loading (unloading) scheme under different mining layouts (yH = 25 MPa).

3. Results

3.1. Characteristics of AE Time Series Evolution of Coal under Deep Mining Conditions

Of the AE data obtained by simultaneous real-time monitoring, the cumulative ring count and ring
count rate reflect the frequency of AE occurrence, and the cumulative energy and energy rate reflect
the intensity of AE occurrence. Figure 6 shows the variation in the AE ring-down count rate (al,bl,cl),
cumulative ring-down count (a2,b2,c2), energy rate (a3,b3,c3) and cumulative energy (a4,b4,c4) over
time under the simulated deep mining condition at a depth of 1000 m. In Figure 6a—c correspond to
protective seam mining, top-coal caving and nonpillar mining, respectively.
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Figure 6. Evolution of the AE ring-down count rate, cumulative energy, energy rate and cumulative
ring-down count over time.

For rocks with prefabricated cracks, the crack initiation point and propagation process are the usual
targets of research [37,38]. For cylinder specimens without macroscopic cracks, Cai et al. [27] concluded
that rock experiences four stages: crack initiation, microcrack formation, crack coalescence and
macrocrack formation under compression conditions. Coal has a complex structure with viscoelastic
characteristics such as instantaneous deformation, elastic hysteresis and irreversible plastic deformation.
Hence, its mechanical behavior is also complex, and cannot be simply described by the five-stage
constitutive rock model. Studying the characteristics of the AE time series evolution curve can make
the research results of the crack initiation point and propagation process more convincing. Figure 6
shows that the overall AE activity exhibited three characteristic stages over time. During the first stage
of AE activity, the overall AE activity was at a low level. In the second stage, the amplitudes of the AE
ring-down count rate and energy rate showed a significant increase compared to those in the previous
stage on average, and began to exhibit a cluster characteristic with time, but had a small range of
fluctuation (see Figure 6 (al,a3,b1,b3,c1,c3)). The AE cumulative energy and cumulative ring-down
count began to increase slowly (see Figure 6 (a2,a4,b2,b4,c2,c4)). In the third stage, the amplitudes
of the AE ring-down count rate and the energy ratio changed abruptly compared with those in the
previous two stages on average, and exhibited an increasingly strong clustering characteristic with
time. In this stage, the cumulative energy curve began to show a relatively high step, increasing by
an order of magnitude in a few seconds. It can be concluded that the three variation stages of AE
activity correspond to the three processes (i.e., microcrack initiation, stable propagation and unstable
propagation) inside the coal.

Statistical analyses were performed on the characteristic points of the three AE activity stages
of coal under three mining layouts, as shown in Table 1. The starting point for each of the three AE
activity stages corresponding to the three mining layouts (i.e., nonpillar, top-coal caving and protective
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seam) is associated with an increasing stress level, allowing the occurrence timing of rupture initiation
and main rupture activity under the above mining layouts to be ranked in ascending order.

Based on the three stages of AE activities quantitively divided previously, the stress-strain curves
can also be divided into three parts. Figure 7a—c shows the relationship between the released AE
energy and the axial strain at the three characteristic stages under each of the three mining layouts
plotted in the same coordinate system. Combined with Figure 7d, the following can be observed. In
the first stage of AE activity, the axial stress and strain under each of the three mining layouts were in
an elastic range; the magnitude of released AE energy was on the order of 9.31 x 10718 t0 10720 J. In the
second stage, the coal deformation progressed from the elastic stage to the elastoplastic deformation
stage; the magnitude of released AE energy increased to the order of 9.3 x 1075 to 10717 J. In the third
stage of AE activity, the stress-strain relationship curve showed an increase in curvature and exhibited
a stress plateau, indicating plastic deformation of coal in this stage; the released AE energy was in the
range of 10715 to 107! J. Therefore, it can be seen that, for each of the three mining layouts, the AE
energy was mainly released during the second and third stages of AE activity. Thus, these two stages
can be considered the main stages of coal rupture.
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Figure 7. AE events, ring-down count, and energy under different mining layouts.
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Table 1. Statistics of stress and time for typical stages of AE activity under different mining layouts.

Mini Phase I Starting Point Phase II Starting Point Phase III Starting Point
ining Layouts
Stress/% Time/s Stress/% Time/s Stress/% Time/s
Protective-seam 53 92.9 89.6 1002.7 97.8 1205.3
Top-coal caving 46.1 117.9 76.7 827.7 86.7 976.1
Nonpillar 45.6 250.2 76.8 823.7 81.9 880.7

3.2. Spatial Evolution and Fractal Characteristics of AE of Coal under Deep Mining Conditions

According to the defined standard for the three-stage evolution of the AE time series, Figure 8
shows the spatial relationship between the AE event and the strain under different mining layouts. In
the first stage, AE events were distributed inside the sample, as shown in Figure 8a. At the end of the
second stage, the coal material began to yield, and a main AE cluster area formed, as seen in Figure 8b,e.
In the subsequent evolution process, the generated AE was concentrated in the main cluster area, as
seen in Figure 8c,{, corresponding to the main coalescing area of coal cracks, as shown in Figure 8d.
After the completion of the entire experiment, the cumulative morphological distribution of AE spatial
localization had a consistent corresponding relationship with the macrocracks in the ruptured coal
mass experiencing the complete mining process. The coal failure mode under each of the three mining
layouts can be preliminarily determined from Figure 8d as follows: The sample corresponding to the
protective coal-seam mining failed under compression, and the coal corresponding to top-coal caving
mining and nonpillar mining failed under tension.

Fractal geometry provides a quantitative method for testing spatial morphology. Hirata et al. and
Zhang et al. [39,40] used AE localization tests to verify that the spatial distribution of AE events has
fractal characteristics. The evolution process of the AE spatial distribution under the influence of coal
mining can be viewed as a transition from a disorderly to an orderly state, and the fractal dimension
provides us with an accurate order parameter describing the AE activity during such a transition.

The general formula for solving fractal dimension D is

logN =loga — Dlogo, 1)

Boxes of different sizes 6 were used to cover the study objects, and the total number of boxes
covering the study objects was denoted as N. A set of (6, N) data obtained in the covering process is
presented in a log-log plot, and the slope is the fractal dimension D.

The cylinder covering method [41] was used for the fractal measurement of AE spatial localization.
The mass center of the cylindrical sample was used as a base point, and a small cylinder (with a
radius of r and a height of /) proportional to the sample with respect to the height-diameter ratio was
taken. By simultaneously increasing r and /, the number of AE localization points covered by each
cylinder was counted, and then Equation (1) was used to obtain the cluster dimension of AE spatial
location points.

Figure 9 shows the relationship between the AE spatial fractal dimension and the peak stress at
the coal peak stress location plotted in the same coordinate system. As the peak stress increased, the
AE spatial fractal dimension decreased successively under the protective seam, top-coal caving and
nonpillar mining layouts.

In a deep mining process, under the influence of confining pressure unloading (Figure 9), the
spatial microcracks were clustered into two-dimensional (2D) variants, resulting in a relatively small
fractal dimension corresponding to the peak stress. At the peak stress location, nonpillar mining
corresponds to the lowest fractal dimension, which is closest to the 2D stress state, indicating that
the nonpillar mining layout resulted in a higher degree of unstable coal mass rupture in front of the
working face. The higher degree of coal mass rupture indicates a lower energy accumulation, and
implies that the possibility of coal burst risk tends to be low, which coincides with views, based upon
practical applications, that nonpillar mining is a relatively safe mining scheme to reduce rock burst
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likelihood. In nonpillar mining, the working face outside the seam line of the pillar is not reserved,
and the roof strata will collapse to the goaf, generating roadside support under the influence of the

gangue retaining system behind the support. That process also releases the accumulative energy in the
surrounding rock, thereby reducing the risk.
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Figure 9. Relationship between AE spatial fractal dimension and stress under different mining conditions.

4. Conclusions

Based on three typical mining layouts, i.e., protective coal-seam, top-coal caving and nonpillar

mining, the coal mining process at a depth of 1000 m was simulated through mechanical tests on
a laboratory scale, and simultaneous AE localization of this process was carried out to study the
AE characteristics under deep coal mining conditions. Based upon this, the following conclusions
were drawn:

@

)]

®)

Under deep mining conditions, the time series evolution of AE activity exhibits three-stage
characteristics, which correspond to the processes of initiation, stable propagation and unstable
propagation of cracks in the coal.

Under deep mining conditions, the occurrence timing of the main ruptures of the three-stage
coal activities may be ranked in descending order, i.e., protective coal seam, top-coal caving and
nonpillar mining layouts. The number of cumulative AE events and the number of AE ring-down
counts of the three mining layouts were on the same order of magnitude. The accumulated AE
energy released by the coal mass in front of the working face of the protective coal seam was
one order of magnitude lower than that of caving coal; similarly, the accumulated AE energy
of caving coal was lower by one order of magnitude than that of nonpillar mining. The energy
released from a single rupture of the sample under the nonpillar layout was higher than that
under the other two mining layouts.

Under deep mining conditions, as the peak stress increased, the AE spatial fractal dimension
decreased successively under the protective seam, top-coal caving and nonpillar mining layouts.
The nonpillar mining layout resulted in a higher degree of unstable coal mass rupture in front of
the working face.
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