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Abstract: Weakly cemented soft rock mines in the Ordos Basin are susceptible to mining disasters,
including roof collapse and substantial deformation of surrounding rocks, during coal mining
operations. Researching the damage characteristics of structures composed of low-strength “soft
rock–coal” combinations is crucial for effectively preventing and controlling disasters in deep soft
rock mining. To investigate the fractal damage characteristics of soft rock–coal combinations with
different height ratios, uniaxial compression tests were conducted on specimens containing soft rock
percentages of 20%, 40%, 50%, 60%, and 80%. The results show that the uniaxial compressive strength
and modulus of elasticity of the soft rock–coal combinations increased with increasing proportions of
soft rock. The soft rock–coal combination was clearly segmented, and the 40%, 50%, and 60% soft
rock–coal combinations had good self-similarity. The fractal dimensions were 2.374, 2.508 and 2.586,
which are all within the interval [2, 3]. When the percentage of soft rock was 20%, the specimen
damage yielded flaky coal bodies with smaller grain size, whereas the coal–rock interface was spalled
by small conical rock bodies. As the soft rock proportion increased, the percentage mass of fragments
with particle size greater than 20 mm increased from 83.34% to 94.15%. The failure mode in soft
rock–coal combinations is primarily attributed to the partial tensile splitting of the coal body. As the
proportion of soft rock increased, there was a gradual reduction in the extent of coal body damage.
Moreover, the acoustic emission absolute energies and counts decreased as the proportion of soft rock
increased. The acoustic emission energy was reduced from 2.46 × 109 attoJ to 3.41 × 108 attoJ, and
the acoustic emission counts were reduced from 18,276 to 7852.

Keywords: deep mining area; soft rock–coal combinations; fractal damage; acoustic emission

1. Introduction

Currently, coal remains the primary energy source for meeting China’s energy require-
ments, a position unlikely to change in the foreseeable future [1]. With the deepening of
mining operations, deep soft rock mines encounter persistent high stress and multiple haz-
ardous environments, posing significant threats to the safe extraction of coal resources [2–4].
The Ordos Basin, located in the western region of northern China, boasts substantial coal
reserves. However, the complexity of mining conditions challenges operations. This com-
plexity is due to the large resource burial depth. The surrounding rock of weakly cemented
soft rock mines is composed of weakly soft rock, which has high water content and contains
much loose material such as sandy mudstone, siltstone, and muddy sandstone [5]. Coal
mine disasters, including roof collapse, significant deformation of surrounding rocks and
water surges, frequently occur in soft rock mines [6,7]. These disasters are closely associated
with the mechanical behavior of the entire coal–rock system [8–10]. Specifically, the unique
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structural characteristics of soft rock–coal combinations, composed of weakly cemented
soft rock layers and coal seams in the top and bottom strata, complicate the deformation
and destabilization mechanisms of coal rock bodies in deep soft rock mines.

Scholars worldwide have conducted extensive studies on the mechanical properties
of coal–rock combinations and their fractal characteristics. Petukhov and Linkov [11] first
analyzed the stability of two-body systems and “roof bottom slab coal body” systems. Zhou
et al. [12] and Chen et al. [13] explored the energy distribution of coal–rock assemblage
specimens with different height ratios and diameters prior to load damage. Yang et al. [14]
used Xin’an coal mine as an example to study the large deformation damage mechanism
of deep soft rock roadway. Ma et al. [15] investigated the mechanical properties of rock–
coal–rock composites with different thicknesses of inclined coal seams in conjunction
with numerical simulations. Song et al. [16] investigated the strength characteristics and
progressive damage mechanism of soft rock–coal assemblage, reporting on interface effects.
Daraei et al. [17] predicted the limestone static elastic modulus from seismic tests. Yin
et al. [18] investigated the uniaxial compressive damage of a composite specimen of coal
from persistent nodal caprock–coal–surface rock by numerical simulation. Najm et al. [19]
predicted extrusion and rockburst damage through empirical and numerical analysis. Zuo
et al. [20] investigated the mechanical properties and rockburst propensity of different
coal–rock combinations. Gong et al. [21] elucidated the effect of the loading rate on the
impact propensity of combined specimens. Xie et al. [22] used rock mechanics tests and
theoretical studies to analyze the fractal characteristics of rock fragments and derived a
fractal model of crack bifurcation. Chen et al. [23] investigated the fractal characteristics of
coal–rock combinations under different loading rates. Feng et al. [24] studied the acoustic
emission characteristics and fragmentation distribution of coal samples with varying water
contents. Li, Y et al. [25] examined the fractal characteristics of coal sample fragments under
uniaxial cyclic loading and unloading. Li, J et al. [26] analyzed the evolutionary pattern
of sandstone damage and its fractal characteristics. Zhou et al. [27] and Kong et al. [28]
conducted a study of the acoustic emission characteristics.

Most research results focus on the coal–rock combination mode, mechanical properties,
deformation, damage law, and energy evolution. They are predominantly based on the hard
rock and soft coal combination model, where the strength of rock significantly surpasses
that of coal. The roof and floor areas of the coal seams in the Ordos Shanghai Miao Mine
consist mainly of low-strength soft rocks. Studies on this particular coal–rock system are
limited. Therefore, this study involved conducting uniaxial compression experiments on
“soft rock–coal” combinations with varying ratios of soft rock. The damage fragments of
the combination specimens were quantified, and their fractal characteristics were analyzed.
At the same time acoustic emission was used to study the damage characteristics. This
investigation aims to provide a theoretical basis for understanding and preventing mining
disasters in deep soft rock mines.

2. Geological Background

The Ordos Shanghaimiao, situated at the southwest end of the Ordos Plateau and to
the west of the Mao Wusu Desert, lies at an altitude of 1300–1400 m. The administrative
area falls under the jurisdiction of the Shanghaimiao Town of Otog Banner. The location of
the Ordos Shanghaimiao mine is shown in Figure 1. As per the Summary Report of the
Western Coal Geological Exploration of the Shanghaimiao Mining Area, Otog Banner, Inner
Mongolia Autonomous Region, the cumulative resources of the mining area are confirmed
to be 1574.29 Mt, with predicted resources amounting to 263.49 Mt. The coal seams in
the Shanghaimiao mine area, noted for their depth and abundant groundwater, primarily
belong to the Jurassic Middle Tong Yan’an Formation (J2y). The shaft field of Shanghaimiao
No.1 Mine has a length of about 12.5 km from north to south, with 10 seams of recoverable
and partially recoverable coal, and the total thickness of recoverable coal seams is 21.60 m.
Hole C1 is located in the central part of the Shanghaimiao No.1 well field, with a depth
of 464.45 m, and the stratigraphic histogram is shown in Figure 2. Predominantly, the
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coal system rocks are sandy mudstone, siltstone, and muddy sandstone weakly cemented
soft rocks. The soft rocks are primarily composed of minerals such as quartz, potassium
feldspar, plagioclase, and clay minerals. Figure 3 exhibits the cathodoluminescence image
of a muddy sandstone specimen.
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3. Experimental Test Methods and Results
3.1. Sample Preparation

The samples for this study were obtained from a coal seam and its roof rock of muddy
sandstone in the Shanghaimiao coal mine, Ordos. The rock and coal samples were converted
into cylindrical standard specimens of size ϕ 50 mm × 100 mm (the non-parallelism value
between the two end surfaces should not exceed 0.02 mm) based on different soft rock
percentages (20%, 40%, 50%, 60%, and 80%, respectively) [29]. A standard specimen is
depicted in Figure 4. Different coal–rock combinations may have different compositions,
which include coal content, and mineral content. These compositional differences may lead
to differences in contact strength and stiffness. Given the need for high strength and thin
thickness at the interface of coal–rock combinations, high-strength water-soluble white
latex is employed as a binder. This latex offers benefits including rapid curing, superior
bond strength, and enhanced durability of the bonding layer. A small quantity of white
latex is evenly applied at the coal–rock interface, and subsequently left to set for 24 h.
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3.2. Test Equipment and Methods

The uniaxial compression test for this experiment was conducted using a self-developed
creep-disturbance dynamic shock loading test system (as shown in Figure 5). The system
consists of a host loading system, a hydraulic pump station system, an axial hydraulic
control system, and a data acquisition system. The static load range of the main loading
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system is from 0 to 800 kN. The power loading unit can exert a maximum axial load of
100 kN, with a maximum axial loading stroke of 150 mm. The displacement control rate
ranges from 0.1 to 150 mm/min, and the measurement control accuracy achieves ±0.5%
of the indicated value. Axial stress and axial displacement were accurately monitored
and recorded utilizing pressure sensors and magnetic displacement sensors. The exper-
iments were conducted through displacement loading, with the axial loading rate set at
0.1 mm/min until the specimen underwent complete failure.
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The acoustic emission signals were monitored employing a Sensor Highway II acoustic
emission unit (AE) from Physical Acoustic Corporation, West Windsor Township, NJ, USA.
This system enables real-time acoustic emission feature parameter extraction, waveform
acquisition, and processing. The AE system threshold was set to 43 dB, and the sampling
frequency was fixed at 1 MHz. Channels 1 and 5 were established, each corresponding to
one independent acoustic emission probe and preamplifier, amplifying the signal 40 times.
To mitigate the friction impact between the transducer probe and the specimen end face on
the test results, a coupling agent was uniformly applied at the specimen port and probe
contact position, and tape was used for secure fixing. An acoustic emission break lead
coupling test was performed before initiating the test to confirm the amplitude signal of
each probe was above 90 dB.

3.3. Experimental Results

Prior to the uniaxial compression test of the soft rock–coal combinations, a separate
uniaxial compression test was conducted on muddy sandstone and coal samples (the
columns had a diameter × height of 50 mm × 100 mm) from the Shanghaimiao Mine.
The uniaxial compressive strengths were found to be 24.8 MPa and 16.8 MPa, respectively.
Soft rock–coal combinations with varying rock-to-coal ratios (20%, 40%, 50%, 60%, and
80%) were then subjected to uniaxial compression tests. The results are presented in
Table 1. Figure 6 illustrates the stress–strain curve (a), peak strain (b), uniaxial compressive
strength (c), and elastic modulus curves (d) for different soft rock–coal combinations.
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Table 1. Uniaxial compression experimental results of different soft rock–coal combinations.

Proportions of Soft
Rocks

Uniaxial Compressive
Strength (MPa)

Modulus of Elasticity
(GPa) Peak Strain (%) Destruction Mode

20% 17.24 2.07 1.0363 tensile splitting

40% 19.65 2.50 0.9941 tensile splitting

50% 20.10 2.64 0.9030 tensile splitting

60% 20.68 2.67 0.8764 tensile splitting

80% 21.72 3.23 0.7856 tensile splitting
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Figure 6. Stress–strain (a), peak strain (b), uniaxial compressive strength (c), and modulus of elasticity
curves (d) for different soft rock–coal combinations. Figure (b–d) dashed lines as baselines.

Analyzing the stress–strain curves of the soft rock–coal assemblies, it is evident that
the specimens, regardless of the soft rock occupancy ratio, display an initial compression-
density stage (I), a quasi-linear elasticity stage (II), a plastic yielding stage (III), and a
post-peak damage stage (IV) during the loading process. The overall shape of the curves
resembles the stress–strain curve of an individual coal sample, with both exhibiting a
stepwise downward trend in the post-peak damage stage. As the percentage of soft rock
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in the assemblage increases, plastic damage escalates, and brittle damage decreases in the
damage phase following the curve’s peak. Chen et al. [30] suggested that in the post-peak
stage of the stress–strain curve of a coal–rock assembly, a greater rock-to-coal height ratio
led to increased plastic damage in the assembly specimen and increased peak stress. This is
attributed to coal–rock interface effects [20]. The derived stresses in the muddy sandstone
at the coal–rock interface are tensile stresses, which facilitate the damage to the assembly.
Conversely, the derived stresses in the coal section are compressive stresses, mitigating
the damage of the assembly. Hence, as the proportion of soft rock increases, the coal
body portion is more constrained by compressive stress, and the intensity of the coal body
damage process is weaker.

As indicated in Table 1 and Figure 6, the mean values for uniaxial compressive
strengths for varying proportions of soft rock and coal (20%, 40%, 50%, 60%, and 80%
soft rock) within the Shanghaimiao mining area are 17.24 MPa, 19.65 MPa, 20.10 MPa,
20.68 MPa, and 21.72 MPa, respectively. The average elasticity moduli are 2.07 GPa,
2.50 GPa, 2.64 GPa, 2.67 GPa, and 3.23 GPa, and the average peak strains are 1.0363, 0.9941,
0.9030, 0.8764, and 0.7856, respectively.

The uniaxial compressive strength of these soft rock–coal combinations falls within
the range of strength between rock and coal. Both uniaxial compressive strength and
the modulus of elasticity in these combinations display positive correlations with the
increasing percentage of soft rock. The uniaxial compressive strength elevates by 13.9%,
2.30%, 2.89%, and 5.03%, whereas the modulus of elasticity climbs by 20.8%, 5.6%, 1.1%,
and 21.0%, respectively. Conversely, the peak strain of the soft rock–coal composite exhibits
a decreasing trend with the growing percentage of soft rock, reducing by 4.07%, 9.16%,
2.95%, and 10.36%, respectively. The variations in the strength properties of the various
soft rock–coal combinations arise from the interaction between the soft rock and coal
components.

4. Fractal Damage Characteristics
4.1. Methods of Classification of Fragments

Following the crushing of soft rock–coal combinations, fragments of varying sizes
and qualities are produced. To conduct a precise and reasoned analysis of the distribution
characteristics of these fragments, it is essential to employ appropriate statistical research
methodologies. This study categorizes assemblage fragments into four groups based on
their size: particles (<5 mm), small particles (<10 mm), medium particles (<20 mm), and
large particles (>20 mm). The classification of these tiny particles into three subcategories
was implemented to enhance the examination of fragment distribution, considering the
substantial quantity resulting from the destruction of coal samples. Table 2 provides the
classification standards and analysis methods for the assemblage fragments.

Table 2. Classification criteria and analysis methods of the combined body fragments.

Number Fragmentation Category Particle Size Range (mm) Research Methodology

1 Particulate
<1.25

(1.25, 2.5)
(2.5, 5)

Weighing mass

2 Small grains (5, 10) Weighing mass

3 Medium grain (10, 20) Weighing mass

4 Large grains >20 Weighing mass

Upon uniaxial compression testing, soft rock–coal combinations were sieved, weighed,
and sorted. Sample fragments post-axial loading were sieved using circular hole sieves. The
sieving equipment consisted of five different aperture multi-stage sieves, with diameters of
20 mm, 10 mm, 5 mm, 2.5 mm, and 1.25 mm. Particles from each sieve class were weighed
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using a high-precision electronic scale and counted to obtain the fragment number in each
interval. The remaining fragments were collectively measured using vernier calipers to
establish sizes.

4.2. Characterization of Damage Fragment Distribution

When a coal–rock combination specimen is crushed, there is a certain connection be-
tween the fractals and fragments. The broken fragments can be regarded as fragments with
fractal characteristics. By studying the fractal characteristics of the broken fragments, we
can gain a deeper understanding of the crushing mechanism of the coal–rock combination
specimen and its mechanical properties, which can provide certain theoretical support for
the mining, blasting, and geologic hazards of the coal–rock engineering. In order to study
the change rule of the mechanical properties of the soft rock–coal combinations subjected to
load damage and to investigate the distribution characteristics of its broken blocks, different
soft rock–coal combinations of specimens corresponding to the six kinds of broken block
size, broken block sieving, and organization were analyzed, as shown in Figure 7.
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Figure 7 demonstrates that the damage within different soft rock–coal combinations is
primarily governed by coal body splitting. In complete combinations, the coal body sustains
more damage than the rock body, with rock body damage primarily occurring as small
pieces of rock spalling at the coal–rock interface, along with a minor amount of powdery
particles. The assemblage with a 20% soft rock composition displays substantial coal body
fragmentation, with a high number of particles and medium grains. Rock destruction is
minimal, with only a few small rock pieces breaking off at the coal–rock interface.
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The coal–rock combinations at 40%, 50%, and 60% soft rock composition are all
dominated by coal body destruction, with a high number of medium grains and a small
amount of powdered rock particles present in the assemblage particles. The number of
rock fragments incrementally increases, and the fragments around the coal–rock interface
are prevalent. The combination with 80% soft rock shows cleavage cracks throughout,
and the coal body fragments appear in a flaky structure. Post-destruction at the coal–rock
interface, the fragments remain in the form of coal–rock combinations, and the coal body
in the assemblage roughly exhibits a conical shape. As the soft rock percentage increases,
the destruction in the rock portion of the different soft rock combinations progressively
increases, leading to a rise in rock fragments and a decline in coal fragments.

4.3. Characterization of Fragment Quality

Table 3 illustrates the mass percentage distribution intervals of fragmentation block
sizes in different soft rock–coal combinations, with the results plotted in Figure 8. Table 3
and Figure 8 indicate that as the proportion of soft rock increases, the mass percentage
of fragments larger than 20 mm gradually increases from 83.34% at 20% soft rock, incre-
menting by 1.61%, 2.74%, 4.66%, and 10.71%. As the proportion of soft rock rises, the
mass percentage of fragments smaller than 20 mm shows a general decrease. At a lower
percentage of soft rock, coal body destruction is greater, generating a significant number of
particles. As the soft rock percentage elevates, destruction in the rock body part increasingly
produces larger blocks, which constitute a larger percentage of the mass.

Table 3. Distribution intervals of block size and mass percentage of assemblage fragments.

Size (mm)
Rock Percentage (%)

20% 40% 50% 60% 80%

<1.25 0.99 0.51 0.69 0.81 0.58

(1.25, 2.5) 1.38 0.95 0.91 0.67 0.40

(2.5, 5) 2.00 1.60 1.78 1.30 0.84

(5, 10) 3.10 4.23 3.42 2.57 1.63

(10, 20) 9.19 7.76 7.12 6.64 2.40

>20 83.34 84.95 86.08 88.01 94.15
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4.4. Calculation of Fragmentation

Shape theory serves as a research instrument for the quantitative characterization of
morphological information pertaining to the fracture surfaces of coal rocks and the descrip-
tion of shattered fragments. The fractal dimension (D) is a useful metric for discussing
the irregularities of complex self-similar shapes [22]. Owing to the irregularity and sheer
number of fragments resulting from axially loaded coal–rock combinations, especially those
of smaller particle sizes, counting the number accurately becomes challenging. To address
this difficulty, the distribution pattern of fragments post-crushing can be analyzed using
the G-G-S model [31,32]. The relationship between mass and size of shattered pieces is
computed using the G-G-S model, enabling the determination of the fractal dimension (D)
post-crushing. Doing so improves the characterization of coal–rock assembly crushing.

The fractal dimension (D) is calculated as follows:

D =
lnNr

ln(1/ r)
(1)

Nr∝ r−D

where r is the particle size of a given fragment and Nr is the number of fragments.
The G-G-S model is calculated [33] as follows:

y = (
r
R
)b (2)

where r is the particle size of a particular clump, R is the maximum value of the particle
size of the fragment, and b is the regression coefficient.

From the above equation, we can derive:

ln
Mr

M
= (3 − D)ln

r
R

(3)

where Mr is the cumulative mass of fragments with a particle size smaller than r and M is
the mass of fragments.

The fractal dimension (D) can be determined by logarithmically processing and linearly
fitting the test data with a slope of (3 − D), as per Equation (3).

Table 4 shows the ln Mr
M − ln r

R relationships for the data processed from the crushed
specimen post-uniaxial compressive loading.

The table also shows that prior to test loading, the surfaces of different soft rock–coal
combination specimens reveal no prominent primary cracks. The yellow dashed line in
the table indicates the main crack and the orange realization indicates the crack extension.
The mode of destruction of the combination specimen is largely dominated by the splitting
damage of the coal body when the proportion of soft rock is small. This results in a large
conical block resulting from coal sample destruction and a significant proportion of smaller
coal particles, with minor coal dust production. Concurrently, minor conical rock spalling
occurs at the coal–rock interface.

As the proportion of soft rock increases, the primary damage mode shifts to the overall
destabilization of the assembly, induced by coal body splitting and ejection. It typically
manifests as several coherent splitting surfaces, accompanied by the ejection of flaky or
thin coal lumps. The specimen’s surface forms an evident “concave” damage surface,
accompanied by a noticeable bursting sound from the coal sample during the experiment.

The damage degree of the rock body incrementally increases, influenced by the in-
terface effect. The destruction of the coal body results in the appearance of penetrating
cleavage cracks in the rock body, and the fragments are spalled off in the manner of the
coal–rock assembly at the coal–rock interface. This results in a significant proportion of
large flakes from the rock body. The combination specimen with 80% soft rock exhibits a
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low degree of coal body destruction, with only small pieces of coal body breaking, and the
rock body is partially dominated by pull and shear destruction.

Table 4. Combinatorial damage pattern and fractal dimension.

Percentage of
Soft Rock Destructive Pattern Crack Pattern Fitting the Curve Calculation Results

20%
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The results of the fractal dimension fitting reveal that the fractal dimension D = 0–3.
With the increase in the proportion of soft rock, the fractal dimension of the assembly
displays and increasing trend followed by a decreasing trend. The double logarithmic
linear correlation of the 40%, 50%, and 60% combination specimens was robust, with
squared R2 linear fit coefficients ranging from 0.90 to 0.99. The fractal characteristics are
significant, with fractal dimensions of 2.374, 2.508, and 2.586, which fall within the interval
[2, 3], with a large proportion of small-sized fragments. The 20%, 40%, 50%, and 60% soft
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rock percentage assembly specimen damage occurs predominantly in the coal body, with a
minimal number of rock fragments.

Upon calculating the fractal dimension, it was observed that the assembly fractals
are dominated by the coal body. This indicates that the energy absorbed by the assembly
specimen as a whole is primarily used for the destruction of the coal body part [34], and
the fractal dimension of the assembly crushing largely reflects the degree of destruction of
the coal body part. The combination specimens with 80% soft rock have a small number of
large-sized specimens, but they contribute significantly to their fractal dimension. Many
researchers have posited that rock fragment self-similarity does not necessarily persist
across the full range of block sizes. Feng et al. [24] argued that large-size fragments greatly
influence the fractal dimension of coal samples with varying moisture contents. Li et al. [25]
posited that rock fragments exhibit robust fractal properties for a range of sizes smaller than
their size thresholds. Deng et al. [35] studied the fractalization of broken marble blocks
under uniaxial loading, suggesting that the fractalization of broken blocks is segmented.
Within these segmented intervals, the clastic fractal character is evident. The coal–rock
combinations also manifest the same fractal segmentation nature of the fragments. The
80% soft rock specimens have a low fragment count and are dominated by large sizes of
50 mm or more. Calculations of the fractal dimensions are mainly in the form of coal–rock
combinations with insignificant fractal features.

5. Acoustic Emission Characteristics of Soft Rock–Coal Combinations

The damage of the soft rock–coal combination is a result of the elastic strain energy ac-
cumulated within the specimen reaching its limit, which is then converted into mechanical
energy released by the destruction of the combination [36,37]. Acoustic emission signals
have proven to be more effective in characterizing the internal damage within the specimen.
Based on the acoustic emission energy release characteristics, the peak value of the released
energy at specimen damage, key point N1, is extracted.

5.1. Characterization of Acoustic Emission Counting and Absolute Energy

The acoustic emission counts and absolute energy were selected as parameters to
analyze the inherent connection between acoustic emission signals and specimen damage
across different soft rock–coal combinations. The acoustic emission time–absolute energy-
counts for various soft rock–coal combinations are displayed in Figure 9. The figure shows
that the acoustic emission counts versus absolute energy curves have a distinct time-
dependent characteristic, which is divided into three phases: the calm period (I), the active
period (II), and the surge period (III). These correspond to the initial compression-density
phase, the linear elasticity phase, and the post-peak damage phase, respectively, of the
strength characterization. During the loading process, the internal fractures within the
combined specimen are progressively compacted, a process indicated by fluctuations in
the acoustic emission signal counts and absolute energy signals. The release energy of the
combined specimen remains relatively low in the initial stages of loading, accounting for a
minimal degree of damage. As the load increases, however, the acoustic emission signals
from the combined specimen become more active during the online elastic phase, which
signals minor damage within the specimen. The absolute energy and count of the acoustic
emission reach their peak at the key point N1, indicating that the extent of internal damage
within the coal body is maximized during destabilization, accompanied by a significant
release of energy, leading to observable, large-scale splitting damage in the coal body.

Table 5 demonstrates that the absolute energies at the key point N1 for different chondrite–
coal combinations are 2.46 × 109 attoJ, 1.36 × 109 attoJ, 1.03 × 109 attoJ, 3.93 × 108 attoJ, and
3.41 × 108 attoJ. With an increasing proportion of soft rock, the absolute energy and count
of the acoustic emission exhibit a downward trend, suggesting that the acoustic emission
signal of a soft rock–coal combination in a uniaxial compression experiment primarily
serves to monitor the extent of damage within the coal body.
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Figure 9. Acoustic emission time vs. absolute energy counts for different soft rock–coal combinations.

Table 5. Key point N1 acoustic emission parameters and cumulative counts.

Percentage of Soft Rock Absolute Energy (attoJ) AE Counts Cumulative Counts

20% 2.46 × 109 18,276 213,946

40% 1.36 × 109 11,283 128,026

50% 1.03 × 109 10,689 113,246

60% 3.93 × 108 8527 107,295

80% 3.41 × 108 7852 95,715
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5.2. Acoustic Emission Waveform Characterization

During uniaxial loading, the specimen generates a continuous, random acoustic
emission signal. This signal is transposed from the time domain to the frequency domain
using Fast Fourier Transform, and MATLAB is utilized to create 3D maps of amplitude–
frequency–time. As illustrated in Figure 10, the cusp corresponding to the amplitude in
the map represents the main frequency characteristic value in soft rock–coal combinations
where the proportion of soft rock ranges from 20% to 80%. The different colors in the figure
represent the magnitude of the amplitude.
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According to Figure 10 and Table 6, the main characteristic frequency values at the key
point N1 for different soft rock–coal combinations are 88 kHz, 164 kHz, 177 kHz, 207 kHz,
and 232 kHz. The main characteristic frequency value ranges from 88 to 232 kHz and
shows an upward trend with an increasing proportion of soft rock, indicating a gradual
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decrease in the damage degree of the soft rock–coal combination. Reflecting the fractal
characteristics of the combined specimen, the coal constitutes the primary component of
the coal–rock system and is the first part to undergo destruction when destabilization of
the surrounding rock of the soft rock roadway occurs. Thus, the supporting role of the coal
body part should be augmented to prevent and mitigate disasters in deep soft rock mining.

Table 6. Main frequency value of key points of different samples.

Key Point 20% 40% 50% 60% 80%

N1 88 kHz 164 kHz 177 kHz 207 kHz 232 kHz

6. Conclusions

(1) The stages of deep soft rock–coal combinations under uniaxial loading include ini-
tial compaction, collinear elasticity, plastic yielding, and post-peak damage. With
an increasing proportion of soft rock, the stepwise decreasing trend tends to slow
down. The uniaxial compressive strength of the combination lies between that of
monolithic rock and monolithic coal, correlates positively with the elasticity modulus,
and increases with the proportion of soft rock. The uniaxial compressive strength
elevates by 13.9%, 2.30%, 2.89%, and 5.03%, whereas the modulus of elasticity climbs
by 20.8%, 5.6%, 1.1%, and 21.0%, respectively.

(2) In the deep mining area, the damage of soft rock–coal combinations with different
height ratios are dominated by coal body splitting and tensile damage. The fractal
characteristics of the combination specimens with 40%, 50% and 60% soft rock are
significant with fractal dimensions of 2.374, 2.508 and 2.586, respectively, which are
all within the interval [2, 3]. As the proportion of soft rock increases, the extent of
damage inflicted on the coal body decreases, resulting in a concomitant reduction in
the number of coal fragments. The fragmentation pattern exhibited by various combi-
nations of soft rock and coal displays a sectional, fractal nature, with the dominant
influence on the fractal characteristics derived from the coal body.

(3) The deep soft rock–coal combination specimens are characterized by a significant
time-lapse in the acoustic emission counts and absolute energies, which can be divided
into three phases: calm (I), active (II), and surge (III). The absolute acoustic emission
energy and counts for the specimens peak at the key point N1, implying that the
internal damage of the coal body reaches a maximum during destabilization, and a
substantial amount of energy is released, manifesting as large-scale splitting damage
of the coal body. An increase in the proportion of soft rock leads to a reduction in both
the absolute acoustic emission energy and counts.

(4) The range of the acoustic emission main characteristic frequency values for the deep
soft rock–coal combination specimens spans from 88 to 232 kHz, with the values tend-
ing to increase as the proportion of soft rock increases. Coal–rock combinations with
a soft rock percentage of 20% suffer large-scale destruction. In line with the strength
characteristics and fractal features of the combination specimen, coal constitutes the
primary component of the coal–rock system.
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