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One of the primary threats to coal mine safety production is the sudden extensive fracturing and collapse of thick and hard roof
strata. A range of uniaxial compression experiments with acoustic emission (AE) monitoring was performed for studying the
mechanical properties and crack evolution of thick and hard roof sandstone specimens. AE temporal response analysis revealed
that the damage process of thick and hard roof sandstone specimens exhibited distinct stages. Additionally, AE event localization
indicated that microcracks within the thick and hard roof sandstone specimens propagated from the ends to the middle of the
specimens during the loading process, eventually leading to severe failure. The b-value analysis demonstrated that during the early
loading stage, the scale of internal microcracks within the thick and hard roof sandstone specimens gradually decreased with the
optimization of the load-bearing structure. In the later loading stage, the scale of microcracks increased with the deterioration of
the load-bearing structure. Furthermore, RA–AF analysis revealed that the specimens experienced combined tensile–shear failure,
primarily dominated by tensile failure throughout. The AE characteristics observed during the deformation of thick and hard
sandstone can provide references for the monitoring of roof stability and early warning of potential disasters in thick and hard
sandstone conditions.

1. Introduction

The sudden large-scale breaking of hard roof is one of the
main disasters that threaten the safety of coal mine produc-
tion [1–4]. However, with the gradual advance of coal
resources mining from shallow to deep space, mine produc-
tion is more and more seriously affected by complex geolog-
ical condition, such as high in-suit stress, high-geothermal
temperatures, high-osmotic pressures, strong excavation dis-
turbances, and so on. The elastic strain energy accumulated
by its hard roof increases significantly, which means higher
risk of typical dynamic disasters such as rock burst, coal, and
gas outburst [5–8]. Rock damage is the development, expan-
sion, aggregation, connection, and penetration of initial frac-
tures in rocks [9, 10]. Consequently, it is important to
investigate the crack development and damage evolution
process of hard roof for stability monitoring, deformation

control, and disaster early warning of surrounding rock
mass in deep engineering.

Acoustic emission (AE) refers to the phenomenon where
localized transient elastic waves are emitted due to the rapid
release of strain energy [11–13]. Because AE is extremely
sensible to the generation and propagation of fractures in
materials and structures, AE technology finds extensive appli-
cations in areas such as material damage detection. Abbas
et al. [14] used AE and ultrasonic pulses to analyze the pro-
gressive failure process of composite specimens (sandstone-
shale-sandstone) under uniaxial stress, providing guidance
for evaluating the deformation behavior of rock masses with
different lithologies between layers. Zhang et al. [15] moni-
tored coal specimens, concrete specimens, and concrete-
confined coal specimens in uniaxial compression trials to
investigate the evolution of AE energy releasing and the posi-
tion of AE events. This research delved into the internal
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microcracks in coal specimens throughout the loading pro-
cess, examining their developmental stages and spatiotempo-
ral distribution. Liu et al. [16] analyzed the AE characteristics
of sandstone at different depths and pointed out that the
initiation strength and damage strength of sandstone decrease
exponentially with depth, and the elastic release rate increases
exponentially with depth. Liu et al. [17] monitored the fre-
quency spectrum and energy characteristics of AE signals
resulting from coal fracture in uniaxial compression trials.
They investigated the close correlation between these AE sig-
nals and coal–rock loading and deformation. Kong et al. [18]
provided a qualitative explanation of the internal crack evo-
lution process in coal specimens under loading conditions.
They employed AE counting and cumulative counting evolu-
tion to analyze this process and proposed a coal specimen
damage variable based on AE counting. Their work enabled
a quantitative analysis of the evolution of damage in coal
specimens.

Moreover, AE technology can reveal progressive internal
damage evolution in coal rocks that is not visible to the
naked eye by analyzing the energy distribution and nonlinear
characteristics of AE waveforms [19], including parameters
such as the b-value [20], moment tensor [21, 22], and other
AE parameters [23]. Ohtsu [24] discussed the inherent rela-
tionship between rise angle (RA)–average frequency (AF)
relationship to the microcrack rupture mechanism, and
introduced a microcrack classification method based on
AE. Building upon RA and AF parameter features observed
in the uniaxial loading process of sandstone, Zheng et al. [25]
noted that both tensile cracking and shear cracking coexist
during the sandstone failure process, with shear cracking
predominating. Additionally, by considering the statistical
relation between AE signal amplitude and frequency, the
AE b-value was incorporated into rock engineering field. It
has since gained widespread use in assessing crack sizes dur-
ing the damage progression of rock materials [21, 26–28].
Furthermore, Huang et al. [9], based on the evolution pattern of
the rock b-value, divided the stress damage process into three
stages: a fluctuation stage corresponding to fracture compaction,
a stable stage indicative of steady crack development, and a
declining stage representing unstable crack development. Dang
et al. [29] found that the b-value decreased with increasing con-
fining pressure, indicating that the energy released by specimen
failure was higher at high-confining pressure.

This paper conducted uniaxial compression tests on sand-
stone specimens within thick and hard roof from a mine in
Xinjiang. We analyzed the evolution laws of AE characteris-
tics such as AE counting, AE energy, and AE event distribu-
tion in rock samples during uniaxial compression are
analyzed, and discussed the damage mechanism of thick
and hard roof sandstone samples in detail. Additionally, the
AE b-value, the RA–AF relationship, and the spatial fractal
dimension of AE events during the failure process are studied,
which further reveals the microscopic fracture damage mech-
anism in these specimens. This study can serve as a beneficial
reference for the stability monitoring, deformation control,
and disaster early warning systems related to the surrounding
rock mass in deep earth engineering projects.

2. Experimental Program

2.1. Sandstone Specimens. The sandstone specimens used in
the experiments were obtained from the immediate roof of a
thick and hard sandstone stratum in the 1,101 workface of a
mine located in Xinjiang, China. The workface is approxi-
mately 450m deep on average. According to the core drilling
records, the thickness of the immediate roof (main roof),
which is composed of fine sandstone, measures 7.5m. For
the purpose of reducing the variability in testing results due
to specimen selection, the specimens used in the experiments
were all taken from the same core drilling hole. After extrac-
tion, the sandstone specimens were sealed with plastic wrap
and transported in foam-padded wooden crates to preserve
their initial structure and moisture content. Following the
guidelines of the International Society for Rock Mechanics
(ISRM) for rock mechanics testing, the extracted sandstone
specimens were processed into cylinders with a diameter (D)
of 50mm and a height (H) of 100mm. The dimensional
error of the sandstone specimens did not exceed 0.03mm,
the unevenness of the both end faces was within 0.05mm,
and the deviation of the end faces from the axis was not over
0.25°. Five specimens were prepared for the experiment. As
these specimens were sourced from the field, all specimens
underwent wave speed testing to ensure their standardiza-
tion. Based on this testing, the three specimens exhibiting the
most similar wave speed characteristics were selected and
designated as S1, S2, and S3.

2.2. Experimental Methods. Figure 1(a) displays the major
testing equipment and monitoring system. The uniaxial com-
pression experiment on sandstone specimens was performed
by electrohydraulic servo universal test machine. The test
adopts the displacement loading at a speed of 0.2mm/min.
Simultaneously, an AE monitoring system was employed for
monitoring AE events during compression. The AE system
was configured with a capture threshold of 40 dB and a speci-
men frequency of 2MHz. Six AE sensors were arranged on
the sandstone specimen surface to simultaneously collect the
sandstone specimen’s AE signals in the course of loading. The
AE sensors had a working frequency scope of 125–750 kHz,
with a resonant frequency at 140 kHz. The AE sensor arrange-
ment and the prepared specimens are shown as Figures 1(b)
and 1(c), respectively.

2.3. Analysis Methods

2.3.1. b-Value. According to the statistical relation between
AE signal amplitude and frequency, the AE b-value is intro-
duced to assess the trend in the development of crack sizes
during the specimen’s failure process. The AE b-value can be
determined using the Gutenberg–Richter relationship from
seismology [20] as follows:

lgN Mð Þ ¼ a − bM; ð1Þ

where M represents the statistical magnitude, which is typi-
cally approximated by dividing the AE amplitude by 20, i.e.,
M¼AdB=20. N represents the cumulative frequency of AE
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signals whose amplitudes are larger than or equal toM. a and b
are constants, with b serving as the parameter that characterizes
the scale of internal microcracks in rock during the damage
process. Generally, high b-values reflect a greater share of
small-scale microcrack events, suggesting that the internal dam-
age primarily involves the development and propagation of
small-scale cracks. This typically corresponds to a lower degree
of damage in the sandstone specimen. Conversely, low b-values
reflect a greater share of large-scalemicrocrack events, indicating
that the material’s internal structure involves the formation of
finer and even macroscopic cracks, which typically corresponds
to a higher degree of damage in the sandstone specimen. In order
to understand the expansion of internal microcracks in the thick
and hard roof sandstone specimens, the evolution of b-values
throughout the entire uniaxial compression process was calcu-
lated based on Equation (1). To avoid significant errors caused
by a small number of AE events within the sampling window, a
50-s event interval was used with a 10-s time step for sliding
sampling. The amplitude interval was set at 5 dB.

2.3.2. RA–AF. Based on a large number of laboratory experi-
ments and statistical analysis, AE signal has been extensively
utilized for assessing fracture damage types in the sandstone
specimens. This is because AE signals generated by tensile frac-
tures typically have characteristics such as short waveforms, short
rise times, and high frequencies, while AE signals produced by
shear fractures tend to have long waveforms, long rise times, and
lower frequencies. Therefore, signals of high AF and low RA are
generally regarded as tensile fracture signals, whereas signals of
low AF and high RA are associated with shear fracture signals
[25, 30–32]. As shown in Equations (2) and (3), RA and AF are
counted based on the parameters such as rising time, amplitude,
ringing count, and durationwithin theAE signals [33] as follows:

RA¼ Rising time
Amplitude

; ð2Þ

AF¼ Ringing count
Time interval

; ð3Þ

where rising time represents the time interval in microse-
conds (μs) from when an AE event’s signal first exceeds the
threshold to while reaching its maximum amplitude;
Amplitude represents the maximum of the AE signal’s ampli-
tude in volts (V); Ringing count represents the times when AE
signal amplitude exceeds the threshold; Time interval repre-
sents the time interval in microseconds (μs) fromwhen an AE
event’s signal first exceeds the threshold to the last time it
reaches the threshold.

For this study, the AF/RA values of AE signals received
by sensor 1# are used, and the maximum AF/RA, marked as
k, was used as the crack classification threshold. AE events
with AF/RA> k are identified as tensile fracture events, while
those with AF–RA values below this threshold are defined as
shear fracture events. It should be noted that before crack
classification, the quantile function was used to filter out
discrete data, and each sample had more than 98% of the
total retained data, which can be considered representative.

2.3.3. AE Spatial Fractal. The AE spatial localization points
can reflect the positions of internal microcracks in the speci-
men, and their evolution process exhibits fractal character-
istics. To further investigate the damage mechanism, this
study employs the box-dimension method to calculate the
AE spatial fractal dimension (Ds). This method involves cov-
ering the specimen with three-dimensional cubes of side
length r. If an AE localization is found within the cube, it
is marked as nonempty; otherwise, it is marked as empty.
The number of nonempty cubes NðrÞ : is counted, and as r
approaches 0, Ds can be calculated as follows:

Ds ¼ lim
r→0

lgN rð Þ
−lgr

: ð4Þ

ðaÞ ðbÞ ðcÞ
FIGURE 1: (a) Instruments and equipment, (b) prepared specimen, and (c) arrangement of AE sensors.
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For natural fractals composed of discrete elements, the
dimension of the box-dimension method can be defined as
follows [34]:

N rð Þ ¼ Cr−Ds : ð5Þ

Taking the logarithm of both sides gives:

lgN rð Þ ¼ lgC − Dslgr; ð6Þ

where C is the material constant.

3. Experiment Results and Analysis

3.1. Stress–Strain Behavior. Figure 2 displays the uniaxial
compression stress–strain curves for the sandstone speci-
mens, revealing a similarity in the stress–strain behavior of
the specimens. As shown in Table 1, the average peak stress,
peak strain and elastic modulus are 68.99, 0.0186, and 7.88
GPa, respectively.

During the uniaxial compression process, the combined
response relationship between stress, strain, and AE activity
in the thick and hard roof sandstone specimens during the
damage process is illustrated in Figure 3, revealing that
the development of strain–stress curves and AE responses
in the thick and hard roof sandstone specimens during uni-
axial compression is roughly separated into five phases.

(1) Fracture closure stage (OA, stress range 0%–20%): Dur-
ing this stage, the original cracks in the specimen expe-
rience closure due to compaction. The stress–strain
curve exhibits an upward concave shape. Because of
the randomness of natural defects inside the sandstone
specimen, AE responses are relatively active but exhibit
poor regularity. The AE count curve shows slow and
irregular oscillations in growth, and the AE cumulative
count curve increases gradually.

(2) Linear elastic stage (AB, stress range 20%–50%): The
stress–strain curve approximately follows a linear
upward trend. Although, a few microcracks may
develop during this phase, along with the closure of
original cracks, the level of AE response remains rel-
atively stable or even decreases. The AE count curve
remains relatively steady, and the AE cumulative
count curve continues to increase linearly, yet with
a lower speed than in Phase I.

(3) Stable crack development stage (BC, stress range
50%–80%): Microcracks inside the specimen steadily
expand, leading to the irreversible deformation. The
stress–strain curve exhibits nonlinear characteristics.
AE responses gradually become more active, and the
AE count curve shows a slight increase, while the AE
cumulative count curve maintains a near-linear rise.

(4) Unstable crack development stage (CD, stress range
80%–100%): Internal cracks in the specimen rapidly
expand, with numerous cracks intersecting, converg-
ing, and nucleating to formmacroscopic main cracks.
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FIGURE 2: Stress–strain curves of specimens.

TABLE 1: Uniaxial compression experimental results.

Specimen no. Peak stress (MPa) Peak strain Elastic modulus (GPa)

S1 67.39 0.0185 7.83
S2 35.16 0.0175 7.77
S3 74.42 0.0197 8.05
Average 68.99 0.0186 7.88
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Extensive irreversible damage occurs within the speci-
men’s internal structure, and the stress–strain curve
becomes increasingly concave. AE counts increase
rapidly, reaching a high level, and the AE cumulative
count curve follows a parabolic growth pattern.

(5) Postpeak stage (D): Internal cracks in the specimen
rapidly propagate to form the main failure surface,
leading to a sudden drop in stress. Since, the speci-
men still retains some load-bearing capacity, multi-
ple stress drops occur after the peak. AE activity is
highly correlated with stress drops, resulting in a
significant increase in AE counts to a high level,
and the AE cumulative count curve exhibits a step-
like increase.

3.2. AE Temporal Response. Figure 4 illustrates the stress, AE
energy and accumulative count curves in the course of uni-
axial compression of the sandstone specimen. Using the
damage threshold as a reference, it can be observed that
AE activity is highly correlated with the stress drops. Before
significant stress drops occur, the AE energy curve fluctuates
up and down at lower levels, and AE cumulative count grows
slowly. After noticeable stress drops, AE energy sharply
increases, and AE cumulative count exhibits astep-like rise.
Furthermore, the AE responses of the specimen show dis-
tinct stage characteristics.

Using S2 as a typical specimen for analysis: (1) During
early loading phases, AE signal is primarily induced by the
closure and compaction of numerous preexisting cracks
within the specimen. Hence, AE energy remains stable at a
relatively low level during this stage, and AE cumulative

count increases slowly. (2) Upon entering the elastic defor-
mation stage, external loading is insufficient to initiate new
microcracks. AE signal is primarily induced by further com-
paction and friction of the closed cracks within the specimen,
resulting in AE energy remaining stable at a relatively low
level. However, the rate of increase in AE cumulative count
significantly decreases during this stage. (3) When entering
the stage of stable crack expansion, the original microcracks
inside the specimen begin to propagate, simultaneously initiat-
ing new microcracks. The AE energy curve experiences a sub-
stantial increase, and AE cumulative count starts to accelerate.
(4) As the specimen enters the stage of unstable crack expansion,
with further development of microcracks and communication
with macroscopic cracks, the mechanical performance of the
specimen significantly deteriorates. AE activity becomes highly
active, AE signals significantly increase, and AE energy notably
rises. TheAE cumulative count follows an exponential-like sharp
increase trend during this stage.

3.3. AE Spatial Response. To further investigate the failure
process of the thick and hard roof sandstone specimens, AE
event localization technology was employed to study the
distribution of internal microcracks in the thick and hard
roof sandstone specimens before reaching peak stress.
Figure 5(a)–5(c) show the distribution of AE events during
the fracture closure phase, linear elasticity phase, steady frac-
ture development phase, and unsteady fracture development
phase for specimens S1–S3, respectively. It is evident that the
evolution of AE event localization in the uniaxial compres-
sion process of thick and hard roof sandstone specimens
exhibits clear stage characteristics: (1) During the crack clo-
sure stage, AE events are relatively active, accumulating to
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FIGURE 3: Stress–strain curves specimens: (a) S1, (b) S2, and (c) S3.
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varying degrees in the upper and lower parts of the specimen.
(2) In the linear elasticity phase and steady fracture develop-
ment phase, with further loading, AE events gradually propa-
gate toward themiddle of the specimen, and the accumulation
area expands. This reflects the transition from localized dam-
age to overall damage within the specimen. (3) In the
unsteady fracture development phase, as the thick and hard
roof sandstone specimen undergoes failure, significant AE
events are generated and spread throughout the entire
specimen.

4. Discussion

4.1. Analysis of AE b-Value. Figure 6 demonstrates the vari-
ation in b-values during the damage process of the thick and
hard roof sandstone specimens, from which it is obvious that
during the damage process of the sandstone specimen, the
b-values exhibit fluctuations with increasing axial strain, but
they show a relatively consistent overall evolution pattern. In
the early loading stages, with the compaction and closure of
the original pores, and the load-bearing structure of the spec-
imen gradually optimizes, the scale of microcracks decreases,
leading to an increase in b-values. In the later loading stages,
as a large number of microcracks develop, potentially inter-
secting and inducing macroscopic fractures, the load-bearing
structure of the specimen deteriorates, and the crack
scale gradually increases, resulting in a decreasing trend in
b-values.

4.2. Analysis of RA–AF. Figure 7 displays a density plot of
the RA–AF relationship obtained through kernel density

estimation. The blue scatters in the cloud diagram represents
the maximum normalized data density (1.0) and the red scat-
ters represents the minimum normalized data density (0.0).
The blue area formed by the convergence of multiple blue
scatters is defined as a high-density zone. The blue dotted
line is the tension–shear crack classification line (slope k). It
can be observed that most RA–AF data are distributed around
the RA and AF axes and the high-density zone of RA–AF is
mainly distributed above the tension–shear crack classifica-
tion line. This phenomenon indicated that tensile and shear
failure exist simultaneously during the uniaxial compression
process but the tensile fractures being predominant.

To further qualitatively analyze the evolution of fractures
in different damage stages during uniaxial compression, an
analysis of shear and tensile crack evolution throughout the
entire loading process of the thick and hard roof sandstone
specimens is presented, as illustrated in Figure 8. It is evident
that the evolution curves of shear and tensile cracks in the
specimen exhibit distinct stage characteristics. Using S2 as a
typical specimen for analysis: (1) In the stage of unstable crack
expansion, both tensile and shear cracks rapidly increase, but
the expansion speed of shear cracks is obviously lower than
that of the tensile cracks. During this stage, the newly formed
tensile cracks reach around 30% of the total tensile fractures,
while shearing fractures account for only about 5% of the total
shearing fractures. (2) As the specimen enters the stage of
unstable crack expansion, with further development of micro-
cracks and communication with macroscopic cracks, both
tensile and shear cracks significantly increase. In this stage,
the newly formed tensile cracks reach around 30% of the total
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FIGURE 4: AE characteristics of specimens: (a) S1, (b) S2, and (c) S3.
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tensile fractures, while shearing fractures increase to about
25% of the total shearing fractures. (3) During the postpeak
phase, both tensile and shearing cracks exhibit a substantial
increase. During this stage, the newly formed tensile cracks
reach around 40% of the total tensile fractures, while shearing
fractures increase to about 70% of the total shearing fractures.

4.3. Analysis of AE Spatial Fractal. Taking into consideration
the impact of scale invariance, the range of cube side lengths
(r) is set between 1 and 10mm. Figure 9(a)–9(c) displays the
logarithmic plots of NðrÞ : versus 1=r for the thick and hard
roof sandstone specimens, and linear fits are applied to the
segments using the least-squares method. The slope of the
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FIGURE 5: AE events evolution of specimens: (a) S1, (b) S2, and (c) S3 during different damage stages.
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FIGURE 7: Continued.
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fitted line corresponds to Ds. The statistical results of Ds for
each thick and hard roof sandstone specimen, along with the
goodness-of-fit R2, are presented in Table 2. The correlation
coefficients between the fitted data and the original data for
each thick and hard roof sandstone specimen are all greater
than 0.98, indicating that the AE spatial distribution exhibits

fractal characteristics. Furthermore, the spatial fractal
dimension is D1

s >D2
s >D3

s for the thick and hard roof sand-
stone specimens. Fractal dimension, as a measure of the
disorder in nonlinear systems, implies an increase in the level
of disorder in the system. Therefore, the degree of disorder in
internal microcracks in the thick and hard roof sandstone
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FIGURE 7: RA–AF of specimens: (a) S1, (b) S2, and (c) S3.
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FIGURE 8: Shear and tension crack of specimens: (a) S1, (b) S2, and (c) S3.

Advances in Civil Engineering 9



–1.0 –0.8 –0.6 –0.4 –0.2 0.0
lg (1/r)

2.5

3.0

3.5

4.0

lg
N

 (r
)

y = 1.98∗x + 4.36

ðaÞ

–1.0 –0.8 –0.6 –0.4 –0.2 0.0
lg (1/r)

2.2

2.4

2.6

2.8

3.0

3.2

lg
N

 (r
)

y = 1.64∗x + 3.94

ðbÞ

–1.0 –0.8 –0.6 –0.4 –0.2 0.0
lg (1/r)

2.2

2.4

2.6

2.8

3.0

3.2

lg
N

 (r
)

y = 1.53∗x + 3.82

ðcÞ
FIGURE 9: Relationship between lgN(r) and lg(1/r) of sandstone specimens: (a) S1, (b) S2, and (c) S3.

TABLE 2: Summary of the value of the fitting parameters.

Specimen no. Fitting relationship R2 Fractal dimension

S1 y= 1.98x+ 4.36 0.9973 1.98
S2 y= 1.64x+ 3.94 0.9961 1.64
S3 y= 1.53x+ 3.82 0.9962 1.53

ðaÞ ðbÞ ðcÞ
FIGURE 10: Failure pattern of specimens: (a) S1, (b) S2, and (c) S3.
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specimens follows the order S1> S2> S3. This result is con-
sistent with the experimental findings. As shown in Figure 10,
by observing the degree of damage in the thick and hard roof
sandstone specimens, it can be intuitively observed that: In
S1, macroscopic cracks are concentrated in the middle and
lower parts of the specimen, and the near-failure surface is
segmented into relatively uniform fragments by the macro-
scopic cracks, indicating a higher degree of disorder in the
crack system. In S2, macroscopic cracks develop from the
upper part of the specimen to the lower part, resulting in a
splitting-type failure of the specimen with a low degree of
disorder in the crack system. In S3, the failure mode is simi-
lar to S2, but there are fewer secondary cracks near the frac-
ture surface, leading to a further reduction in the disorder of
the crack system.

5. Conclusion

During this paper, uniaxial compression experiments were
carried out on sandstone specimens from a thick and hard
roof in a Xinjiang mine. The analysis focused on the evolu-
tion of AE counts and AE event spatial distribution at differ-
ent damage stages of the sandstone. Additionally, various
indicators such as b-values, RA–AF ratios, and AE event
spatial fractal dimensions were introduced to study the evo-
lution of internal microcracks in the sandstone. The major
findings are presented below:

(1) The thick and hard roof sandstone specimens exhib-
ited low dispersion, and the stress–strain behaviour
of specimens S1–S3 was similar. The average peak
stress, peak strain, and elastic modulus were 68.99,
0.0186, and 7.88GPa, respectively.

(2) AE time responses displayed significant stage-wise
characteristics. Combined with the stress–strain curve
features, the damage failure process of the sandstone
specimens was separated into the crack compacted
phase, linear elasticity phase, steady crack develop-
ment phase, unsteady crack development phase, and
postpeak phase.

(3) The spatiotemporal evolution of AE events vividly
reflected the fracture extension process of sandstone
specimens under compressive loads: early stage accumu-
lation at the specimen ends,mid-stage expansion toward
the middle, and late-stage distribution throughout the
entire specimen.

(4) The b-value analysis demonstrated that during the
early loading stage, the scale of internal microcracks
within the thick and hard roof sandstone specimens
gradually decreased. In the later loading stage, the
scale of microcracks increased.

(5) RA–AF analysis revealed that the specimens experi-
enced combined tensile–shear failure, primarily dom-
inated by tensile failure. In the early loading stage,
tensile cracks increases rapidly while shear cracks
accumulate slowly. Then, both of tensile and shear
cracks increase exponentially.

(6) AE event spatial fractal dimensions can be used as a
measure of the crack disorder degree in the specimen.
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