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ARTICLE HISTORY ABSTRACT

To investigate the distortion and damage properties of coal-rock combination (CRC) samples,
the individual coal samples and rock samples and CRC were developed by similar materials
with equal strength. Then, uniaxial compression (UC) tests and acoustic emission (AE) tests
were performed on CRC samples with various rock-coal height ratios and loading rates. The
strength, deformation, and AE properties of the CRC samples were analyzed to explore their
failure mechanisms. The findings indicated that the individual coal samples and rock samples
were mainly damaged by tensile splitting. For CRC samples, shear and tensile coupled failures
were the main failure modes. Cracks are first generated from coal part and continue to
expand to rock part. The coal-rock height ratio had little impact on the single AE event count
peak value but had a certain influence on the cumulative number of AE event count.
However, the loading rate had a large effect on the AE characteristics, and the strength and
elastic modulus () of the CRC samples had linear or nonlinear increasing trend with increasing
ratio of rock to coal height and loading rate. The research findings will have certain theoretical
reference value for analyzing the mechanism of coal pillar failure.
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1. Introduction

At the time of coal mining, not only is the body of coal itself often
broken, but the adjacent rock mass is damaged, resulting in overall
destabilization and failure of the coal-rock mixed seam. Therefore,
the importance of studying the mechanical characteristics and injure
mechanisms of coal-rock combination (CRC) is self-evident.

The mechanical properties and damage modes of CRC are an
important basis for studying affect among coal seams and
surrounding rock, as well as their effect on mining safety and
surrounding rock stability. Therefore, numerous experimental
studies have been conducted by experts and scholars to explore
the mechanical properties and damage behavior of CRC, including
uniaxial compression (UC) tests and cyclic loading tests (Okubo
et al., 2006; Chen et al., 2018; Gong et al., 2018; Chakraborty et
al., 2019; Dambly et al., 2019; Zavacky and Stefariak, 2019;

Wang et al., 2020; Das et al., 2021; Maet al., 2021; Choi et al., 2022;
Wang et al., 2022a; Abi et al., 2023; Fan et al., 2024b). Furthermore,
Li et al. (2020) conducted research on prepared briquette, mortar
and their combination, specifically analyzing the crushing degree
and energy absorption properties of coal and rock components in
the CRC. They concluded that rock components had an inhibiting
effect on the radial deformation of coal components. Yin et al.
(2021) and Gao et al. (2020) explored the damage mode and energy
variation of CRC during UC tests. Yang et al. (2022) employed
UC testing to research the effect of coal thickness on the strength
and damage mode of CRC samples. Li et al. (2022) employed
UC testing to investigate the characteristics of disparate combinations
of sequential twin material combination. Xu et al. (2023) conducted
the properties and characteristics of rock spalling through
compression tests, revealed that the formation process of rock
spalling was influenced by both inclination angle and the number
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of defects. Xiong et al. (2023) employed UC tests to investigate
the cracking and strain changes of coal specimens, thereby obtained
predictive information on the damage of coal specimens. Li et al.
(2021) employed relevant theories to analyze the microseismic
and electromagnetic radiation properties of coal-rock during
evolution of rockburst, elucidating relationship between energy
accumulation and dissipation, as well as the micro- and macro-
scale properties of CRC specimens. Their study provides a
foundation for predicting rockbursts by explaining their underlying
causes. Zhang (2019) investigated the precursor of coal and rock
failure by means of acoustic emission and infrared thermography
tests. Tan et al. (2017, 2018) used laboratory tests to investigate
the response of CRC samples to impacts and identified rock
strength and height ratio as factors that influenced their behavior.
Bai et al. (2019) tried to investigate damage mechanism of
samples of disparate types of interbedded CRC. Liu et al. (2018)
s explored the mechanical properties of coal in CRC samples by
developing an equation for damaged and fitting it to data, yielding
findings were consistent with expectations. Xia et al. (2021) and
Zhang et al. (2021) explored the implication of coal inclination
angle on the strength properties of CRC, revealing that as the
angle of inclination increases it leads to larger damage values
and less strain. Yang et al. (2021) explored the mathematical
model of multi-field coupling in the cyclic loading process of
CRC. Wang et al. (2020a) and Fan et al. (2024a) investigated the
sensitivity of disparate CRC with nonuniform characteristics to
blasting tendency. Ma et al. (2022a) investigated the characteristics
of strength distortion, acoustic emission (AE) and failure of CRC
samples with various fracture angles under UC. Yang et al. (2020)
studied the influences of disparate rock-coal proportions on the
damage characteristics of CRC samples by UC tests. Zhao et al.
(2021) investigated the influence of rock strength on the damage
evolution of CRC samples through ultrasonic and UC tests.
Most of the above experts and scholars have carried out
experimental research on coal-rock combination samples by on-
site sampling. Additionally, mechanical properties and failure
mechanisms of CRC has been studied in increasing depth. After
conducting laboratory tests and field monitoring, researchers
have performed in-depth studies on the fracture modes, intensity,
and distortion characteristics of CRC. Corresponding theoretical
models and numerical simulation methods have been established.
Based on the verification of the material model, Ma et al. (2022b)
used LS-DYNA explicit dynamics software to study stress wave
propagation, deformation and failure during dynamic splitting of
CRC specimens under disparate impact loads, impact directions
and loading angles. Wang and Tian (2018) and Zhang et al. (2020)
employed numerical simulation software to investigate the failure
and instability characteristics of CRC samples, and to analyze
crack propagation within CRC samples. Khazaei et al. (2015),
Shadrin and Klishin (2018) and Ali et al. (2023) explored the
damage properties of coal, and a statistical model of damage during
coal failure was established by AE tests. Wang et al. (2022b)
proposed a pre-cracking macroscopic elastic model applicable to
different forms of CRC samples, quantitatively describing the

connection between the mechanical characteristics of the coal
rock matrix and the pre-crack macroscopic deformation of the
sample, and determining the model parameters according to the
axial crack evolution characteristics. Through numerical simulation,
Yin et al. (2018) and Chen et al. (2019) investigated the effect of
the joint inclination angle, rock-coal height ratio in coal, and loading
rate on the various characteristics of CRC specimens. Based on the
test results, Wang and Ma (2022) proposed a constitutive model of
strain soften the damage of assemblages and a methodology to
solve for values of model arguments. They also discussed the
effect of the model arguments on the constitutive model.

Many experts and scholars have studied the mechanical
characteristics and failure behavior of CRC, which has great
significance as guidance for safe operation of coal mines. However,
many test samples are collected on-site. Although CRC structures
are commonly found in actual projects, it is difficult to collect
samples on-site due to complex working conditions. The obtained
CRC samples have large individual differences and cannot be
repeatedly tested. It takes considerable manpower and time to
prepare samples in the laboratory, and it is not convenient to
analyze the test results for research purposes. Therefore, this
study used materials of equal strength to prepare individual coal
and rock samples as well as CRC. The mechanical response of the
composites under uniaxial loading conditions was investigated,
with a focus on analyzing their mechanical characteristics, failure
modes, and mechanism for different height ratios and loading
rates. The results of this research provide a theoretical foundation
for exploring the distortion behavior and support of CRC strata.

2. Preparation of CRC Specimens with Equal
Strength

2.1 Selection of Materials

Considering the difficulty of on-site sampling, in this study,
individual of coal samples and rock samples with equal strength
materials were developed according to laboratory test requirements
to replace standard samples, and CRC samples were prepared for
studies deformation, failure characteristics and damage evolution
of CRC samples. The preparation of materials with equal strength
was as follows:

First, the rock type replaced in this paper was mudstone,
which was characterized as grayish black in the upper part, dark
gray in the lower part, thick layer, broken as a whole and easy to
weather. In combination with the requirements of sample size
and equal strength, selection of quartz sand as aggregates for coal
samples with equal strength materials and chosen ordinary Portland
cement and gypsum as bonding materials. The rock sample also
used quartz sand as the main aggregate. Additionally, iron powder
was added in an appropriate amount to meet the bulk density
requirements to increase the weight. The cementing materials
were aluminate cement and gypsum.

Second, to develop materials more reasonably and conveniently
with equal strength, such as coal and rock that met the requirements,
the orthogonal design method was used to design the ratio test.
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Table 1. Factors and Levels of Materials in Individual Coal and Rock Samples with Equal Strength

Ratios of materials in samples with equal strength of coal

Ratios of materials in samples with equal strength of rock

Level
Paste-mud ratio Sand-binder ratio Water-binder ratio Sand-binder ratio Iron-binder ratio Water-binder ratio
1 0.25 1.2 0.7 0.8 0.10 0.3
2 0.43 14 0.8 1.0 0.15 0.4
3 0.67 1.6 0.9 1.2 0.20 0.5
30 - =
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Fig. 3. Some Examples of CRC with Equal Strength
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Fig. 1. & Curves of Materials with Equal Strength of Coal and Rock

Fig. 2. Typical Failure Characteristics of Coal and Rock Samples with
Equal Strength: (a) Coal, (b) Rock

According to the test requirements, the Lo(3*) orthogonal design
table was selected for the experimental design of the proportion
of rock, coal, and other materials. The factors and levels of
materials in individual rock and coal samples with equal strength
are indicated in Table 1.

Finally, individual samples of coal and rock with equal strength
materials were poured and maintained according to the mix ratio
shown in Table 1. Three samples were poured for each group,
and the average value of uniaxial tests data for the three samples
was taken as the elastic modulus (£), UC strength, and so forth of
group. A microcomputer-controlled electronic universal testing
machine was utilized to operate the uniaxial test, with displacement
loading control way, and a loading speed of 0.002 mm/s was
employed. The stress-strain (o-¢) curves and typical damage
characteristics of some specimens are shown in Figs. 1 and 2.

According to the test results, the ratio scheme for coal and rock
materials with equal strength were selected to prepare coal and
rock samples with equal strength.

2.2 Preparation of Samples of CRC with Equal Strength
To achieve a well-homogenized CRC sample, the first step was
to pour a cuboid composite CRC sample with dimensions of
500 mm (length) x 500 mm (width) x 220 mm (height). The
lower layer consisted of equal strength materials of coal with a
height of 110 mm, while the upper layer was composed of equal
strength materials of rock with a height of 110 mm. To reduce the
influencing factors of the failure of the CRC, bond the combination
samples together from top to bottom with a strong adhesive. The
adhesive should be coated as thin as possible and ensure uniformity.
The cuboid CRC sample was obtained by stirring, vibrating, and
demolding.

Obtain a 220 mm-thick cuboid CRC specimen by pouring,
curing, and so forth, and then drilling, cutting, and grinding processes
were used to obtain each cylindrical CRC sample (100 mm x
50 mm) that met the requirements. According to the requirements
for standard samples, CRC was produced with rock-coal height
ratios of 2:3, 1:1, and 3:2. Some examples of CRC samples were
indicated in Fig. 3.

For the convenience of description, the following rules are
used for sample numbering: Taking R2C3-4a as an example, R
represents rock samples with equal strength and C represents
coal samples with equal strength. The digit 2 after R represents
the height ratio of rock samples with equal strength and the
digit 3 after C represents the height ratio of coal samples with
equal strength. The number 4 after the short bar corresponds to
the loading rate of 0.004 mm/s, and the letter a represents the
first sample under this condition. Similarly, taking R-6-1 as an
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example, R represents rock samples with equal strength and the
number 6 after the short bar corresponds to the loading rate of
0.006 mm/s, and the digit 1 represents the first sample under
this condition.

3. Test System and Methodology

The test system selected for this test included: a DDL-500
electronic universal testing machine, a static strain testing
system, and an AE monitoring system, as shown in Fig. 4. In
this test, the AE monitoring system used a PCI-II full-
information AE signal analyzer from American Acoustics
Corporation to monitor the AE activity of the sample during
the test. The sampling frequency of the probe was set to 1
MHz. Adhesive tape was used to fix the AE probe, and the
coupling agent, vaseline, was evenly applied on the link surface
between the specimen and the probe to reduce attenuation of
the AE signal and enhance the value of AE monitoring. Two
strain gauges, one placed horizontally and the other vertically,
which were affixed symmetrically to the rock and coal
components of a composite specimen for monitoring the axial
and radial strains of both components during loading, as
depicted in Fig. 5.

Loading system

and indenter

Acoustic emission | Strain
acquisition system  acquisition system

Fig. 4. Experimental System for Loading, AE Measurement and Strain
Measurement

17.5

A Loading rate 0.002 mm/s
® Loading rate 0.004 mm/s
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10.0
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Axial stress (MPa)

00 20 4.0 6.0 80 10,0 120 14.0 16.0
Strain (10™)
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UC tests of CRC were conducted for disparate loading rates
and rock-coal height ratios. The mechanical responses of CRC
with equal strength were evaluated uniaxial loading conditions.
The test schemes mainly included the following two parts:

1. UC test of individual coal and rock samples with equal

strength under different loading rates

The test employed standard cylindrical samples with
dimensions of ®50 x 100 mm, the loading rates were
0.002 mm/s, 0.004 mm/s and 0.006 mm/s respectively, and
the displacement control loading way was used for the test.

2. UC test of CRC samples with equal strength for disparate

coal-rock height ratios and loading rates

The diameter and total height of each CRC were 50 mm
and 100 mm, respectively, and three kinds of rock-coal
height ratio samples of 2:3, 1:1 and 3:2 were selected to
perform the test. The displacement-controlled loading way
was employed in the test, with loading rates of 0.002 mm/s,
0.004 mm/s and 0.006 mm/s.

Strain gauge 1 Strain gauge 3

Strain gauge 2

Strain gauge 4

Coal

Fig. 5. Strain Gauge Locations
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(b)

Fig. 6. & Curves of Single Specimens with Equal Strength of Coal and Rock: (a) Single Specimens of Coal, (b) Single Specimens of Rock
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4. Analysis of Test Results
4.1 Intensity Characteristics

4.1.1 Intensity Characteristics of Individual Coal and
Rock Specimens

Figure 6 shows the o-¢ curves of the individual samples with
equal strength of coal rock at disparate loading rates. For every
sample, there was an obvious drop property after the peak, and
the o-¢ curve showed four stages: compaction, elastic distortion,
plastic yield, and post-peak damage. The compaction stage was
more obvious for individual samples with equal strength of coal,
and the deformation at this stage was significantly larger than
that of individual samples with equal strength of rock, while the
post-peak brittle failure of individual samples with of rock was
more obvious. Some samples of coal underwent a short strain
softening stage after the peak.

The scatter diagram in Fig. 7 illustrates the axial peak strength
of single coal and rock samples with equal strength at disparate
loading rates.

In Fig. 7, the peak intensities of single samples of coal and
rock increased with increasing loading rate. The average peak
strengths of samples of coal increased by 9.62% and 32.43%,
and the strengths of samples of rock increased by 7.40% and
14.31%, with increasing loading rate. The peak strengths of the rock
samples increased linearly with increasing loading rate, while
those of the coal samples increased nonlinearly. In addition, by
comparing the average strength of the two samples in the ratio
scheme, the strength of both samples was improved. This was
because the ratio scheme was poured with a cylindrical mold,
and there was uneven vibration in the pouring process. In the
later stage, the equal strength samples were made by pouring
cuboid first and then cutting and grinding. In the pouring
process, the vibrating rod was used to vibrate evenly. The
interior of the sample was denser and the pores were relatively
few. Therefore, the strength was slightly higher than that of the
ratio scheme.
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4.1.2 Strength Properties of CRC

Figure 8 shows the UC o-¢ curves of CRC samples disparate
height ratios and loading rates. The curves of all samples were
basically consistent. Except for a few samples that showed obvious
post-peak softening, the rest of the CRC samples showed an
obvious brittle drop after the peak, and the curves also had four
stages. When the loading rate was fast, the microcracks of the
sample did not fully develop, and in the loading process, crack
development was in the main failure surface. When the loading
rate was slows, multiple microcracks developed and there was
enough time for the sample to adjust its bearing structure to carry
the axial load. As a result, the curves fluctuated.

To better analyze the connection between the coal-rock height
ratio and loading rate for the CRC samples with equal strength,
the correlations between the ratio of rock-coal height and strength
and the loading rate and strength were analyzed, and the results
were fitted linearly. The results for the linear fits are shown in
Fig. 9.

Figure 9(a) indicated that the strength of the CRC samples
increased with increasing coal-rock height ratio. This was due to

40

Single samples with equal sirength of rock |

©  Single samples with equal strength of rock 2
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Loading rate (mm/s)

(b)

Scatter Diagram of Peak Strength of Single Coal and Rock Samples with Equal Strength: (a) Coal, (b) Rock
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the high strength of part of the rock specimen. The distortion was
small for the rock specimen than the coal sample. Additionally,
the ring effect (clamping friction) formed between the rock
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played a certain role in limiting the distortion of the coal specimen
and increased carrying capacity of the CRC sample to certain
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extent. When the loading rate was fast (0.004 or 0.006 mm/s), the
correlation coefficients were 0.99019 and 0.97167, respectively,
indicating a strong linear correlation between the strength and
the ratio of rock-coal height. When the loading rate was slow
(0.002 mm/s), the correlation coefficient was less than 0.84346,
indicating that the linear correlation between the two was weaker
with slow loading rates. Fig. 9(b) shows that the strength faster
with increasing loading rate, which was generally correspond the
implication of the loading rate on samples with equal strength of
coal and rock. When the rock-coal height was relatively large
(1:1 and 3:2), the correlation coefficient of the strength and loading
rate was greater than 0.80 which showed a strong linear correlation.
When the height ratio of rock and coal was small (2:3), the
correlation coefficient between strength and loading rate was
0.67466, which was much less than 0.80, indicating that the
linear correlation between the two was weak, and a linear relationship
was not obvious.

4.2 Deformation Properties

4.2.1 Deformation Properties of Individual Coal and
Rock Specimens

The slope at the peak strength of 40% — 60% of the curve was
selected as E of specimen. Combined with the radial strain of the
specimen tested by the strain monitoring system, Poisson's ratio
(u) of the specimen was obtained. Fig. 10 shows scatter diagrams
of the 1 and E of individual samples of coal and rock at different
loading rates.

As shown in Fig. 10, under different loading speeds, the
modulus of elasticity was significantly for the sample of coal than
the sample of rock, but value of 2 was large, indicating the sample of
coal had little resistance to external deformation. In addition, as the
loading rate increases, the £ of two groups increased to varying
degrees, while i decreased to varying degrees. The average E of the
coal sample increased by 8.49% and 17.53%, respectively, while
that of the rock sample increased by 3.75% and 15.89%.

4.2.2 Deformation Properties of CRC Specimens

4.2.2.1 Elastic Modulus

A Similar, the correlation analysis was conducted on the connection
between the E and coal-rock height ratio, as well as the loading
rate and the E, and the results were fitted accordingly. The fitted
results were shown in Fig. 11.

Figure 11(a) showed that the £ of the CRC increased with
increasing coal-rock height ratio. This was explained by same
reason that the strength increases with coal-rock height ratio,
although relationship between coal-rock height ratio and E was a
nonlinear function rather than a linear relationship. As the loading
speed was fast (0.004 and 0.006 mm/s), all the correlation
coefficients were greater than 0.80, indicating that the selected
logarithmic function provided a good fit for connection between
coal-rock height ratio and E. As the loading speed was 0.002 mm/s,
the correlation coefficient was less than 0.80, indicating that
selected logarithmic function provided a poor fit to the relationship
under the condition of the slow loading rate. Fig. 11(b) shows
that the £ increased with rising loading speed and showed a
strong linear correlation, which was consistent with the effect of
loading speed on coal samples. The lesser the coal-rock height
ratio was, the better the linear fit. This was mainly because for
the CRC sample, partial deformation of coal was the main effect,
and the greater the height ratio of the coal specimen was, the
closer the £ of the CRC sample to the coal specimen, and smaller
fluctuations of the E.

4.2.2.2 Strain Analysis
For each CRC, the axial deformation was the sum of the axial
distortion of the rock sample and coal sample, that is:

Ahrm =Ahr +Ahm * (1)

In the formula, AA,,, Ak, and Ah,, are the axial distortion of
the combination, rock, and coal, separately. The axial strain of
the CRC sample and the strain in rock and coal samples can be
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Table 2. UC Test Results of CRC under Disparate Height Ratios and Loading Rates

Loading rate .
& Composition

Axial strain of coal

Radial strain of

Axial strain of rock

Radial strain of rock

(mm/s) sample (107) coal sample (107) sample (107) sample (107)
0.002 Coal sample 13.02 4.51 - -
Rock sample - - 7.33 1.63
R2C3 10.73 3.12 2.21 0.41
RICI 9.89 2.94 243 0.36
R3C2 9.03 2.86 2.82 0.33
0.004 Coal sample 11.21 343 - -
Rock sample - - 7.77 1.55
R2C3 10.36 3.23 2.12 0.39
RICI 9.71 3.06 2.32 0.35
R3C2 8.87 3.12 2.56 0.34
0.006 Coal sample 11.49 341 - -
Rock sample - - 8.63 1.41
R2C3 10.21 3.35 1.97 0.37
RICI 9.60 3.02 2.04 0.31
R3C2 8.33 3.09 2.25 0.33
found by the following equation: As the proportion of the rock sample augmented, the axial
Al Al Al deformation of the coa.l sample §howe§ an obviou§ decreasing
Em =h—"” , &, = P L&, =h—”' , (2) trend, and the decreasing trend in radial deformation was not

rm r m

where ¢,,, ¢.and ¢,, are the axial strains of the combination, rock,
and coal, separately, while 4,,, 4.and A, are the heights of the
combination, rock, and coal, separately.

Given that the strength of the rock specimens developed in
this study were close to those of the coal samples (the strengths
of the rock samples were 2.3 — 2.6 times those of the coal
specimens), during the loading process, rapid crack propagation
in the coal specimen released many energies, lead to plastic
damage and distortion of the rock sample Liu et al. (2014). At
the same time, the two materials above and below the assembly
underwent nonuniform deformation. Therefore, the values of ¢,,,,,
&.and g, could be obtained by the testing machine and the strain
monitoring system combined with Eq. (2). When uniaxial
loading reached the peak load, the central axial and radial strains
of the individual specimens and CRC samples are shown in
Table 2, the average of the two specimens was taken as the strain.

By analyzing the strain value of the sample under peak load in
Table 2, we could obtain the following: The axial and radial
strains of the rock samples in the CRC were lesser than the coal
samples. The radial strain of the combined coal specimen was
less than that of the single coal specimen, which is due to the great
strength and strong resistance to distortion of the upper rock
sample. The presence of the rock sample had a ring influence on
the coal-rock interface and the lower coal sample, which could
effectively inhibit the radial strain of the coal specimen. Instead,
the distortion of the coal specimen was limited, and some of the
energy was transferred from the coal-rock interface to the rock
specimen, resulting in the distortion of the rock specimen. The
coal-rock height ratio also affected the deformation of the CRC.

obvious. For the coal specimen under disparate loading speeds,
the radial deformations fluctuated.

4.3 Evolution Properties of AE

4.3.1 AE Evolution Properties of Individual Coal and
Rock Samples

The AE signal corresponds to the microfracture or damage event
inside the sample, so the AE count reflected the number of
microfractures and the damage evolution inside the sample.
Fig. 12 shows that according to the accumulated AE event counts,
the AE activity of the sample could be divided into three stages:
the quiet period, the transition period and the active period.

As shown in Fig. 12, there were relatively few AE events in
both the quiet period and the transitional period. In view of the
soften by straining of coal samples after the peak and the obvious
brittle failure and short-term residual strength of rock samples,
the active periods of the two were different. After the former
reached the peak strength, it entered the post-peak damage stage.
The internal structure of the specimen constantly adjusted under
the action of loading. The stress dropped slightly at first, and then
more slowly, and after a sustained period, the stress dropped
sharply, and the bearing capacity of the sample completely failed.
During this process, the AE underwent a process of surge-
decrease-stabilization-surge: The AE event increases sharply in
position corresponding to the stress drop immediately after.
Meanwhile, macro-scale cracks were observed in the sample
during the surge of AE, and overall damage occurred during the
final increase. The latter produced many AE events at the moment
of brittle failure. In the residual strength stage, the bearing
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Fig. 12. Evolution of AE Events during the Loading Process: (a) C-6-1,
(b) R-6-1

capacity of the sample was mainly provided by the bite force
between the broken blocks of the sample and the friction force on
the fracture surface. The continuous adjustment was accompanied
by crack development and sprouting of new cracks. In addition,
sliding friction occurred on the fracture surface, resulting in more
active AE activities.

4.3.2 AE Evolution Characteristics of CRC Specimens
Taking the ratio of rock-coal height equal to 1:1 as an example,
the evolution behavior of AE events in the loading process of
some RICI series specimens are given, which is a convenient
method to study the AE properties of CRC under disparate
loading rates.

In Fig. 13, the AE activities of the CRC samples underwent
three stages: calm period, transitional period and active period.
The evolution of amount AE events of the CRC specimens under
disparate loading rates was obtained: The plastic distortion stage
of the CRC sample became shorter with increasing loading rate,
while the proportion of the quiet period increased. Additionally,
the transition and active periods became shorter as well. AE
events were concentrated before and after the time when the
samples were obviously brittle due to the relatively short force
action time, resulting in an accumulation of fewer AE events. It
was the reason why the o-¢ curves in the Fig. 13(c) were smooth
without fluctuation. When the loading rate was slow, the internal
microcracks of the CRC sample were fully expanding, the plastic
deformation stage was relatively long, the time ratio between the
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Fig. 13. Evolution of AE Events during Loading of CRC Samples with
Coal-Rock Height Ratio of 1:1: () R1C1-2, (b) R1C1-4, (c) R1C1-6

transition period and the active period increased significantly, the
distribution range of AE events was relatively wide, and the
moment of overall failure of the sample was still during the peak
period of the AE event. Because the axial force action time was
relatively longer than that of the sample with a large loading rate,
the cumulative count of the AE event was relatively large.

For instance, the loading rate is 0.002 mm/s, the evolution
behavior of AE events in the loading process of CRC with
disparate rock-coal height ratios is given, which is convenient for
studying the effect of rock-coal height ratio on AE characteristics
of CRC. Fig. 14 shows ratio of coal to rock height had few
influences on the value of the single AE event count peak but
had some influence on the cumulative AE event count. When the
height of the coal rock was relatively small, the proportion of the
coal specimen in the CRC was larger, the proportion of the
relatively hard rock sample part is smaller, the proportion of the
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Fig. 14. AE Event Evolution of CRC Samples with the Same Loading
Rate and Different Rock Coal Height Ratios: (a) R2C3-2, (b)
R1C1-2, (c) R3C2-2

part prone to fracture in the CRC sample increased, and the
proportion of the rock sample was small. The suppression effect
on the partial deformation of the coal specimen was minor,
resulting in a grow in the cumulative AE event count. In contrast,
the proportion of relatively hard rock samples in the CRC sample
increased, and the rock sample had a certain restrictive effect on
the distortion of the coal sample. Therefore, the cumulative AE
event counts were fewer compared to samples with small rock-
coal height.

4.4 Failure Mode

4.4.1 Damage Patterns of Individual Coal and Rock
Specimens

The damage patterns of individual coal and rock specimens with

equal strength were approximately the same under different loading

rates, and tensile damage was the main damage pattern. The

specific failure modes were listed in Table 3.

Table 3 shows that the coal sample was mainly damaged by
tension. Significant strain concentration and deformation localization
where cracks develop more rapidly. With increasing loading rate,
the damage degree was aggravated and accompanied by spalling.
The individual rock sample was also dominated by tensile failure;
fracture failure changed to tensile failure with increasing loading
rate. The rock was also spalled, and the formation process of spalling
could be influenced by the number of flaws.

4.4.2 Damage Patterns of CRC

Under disparate height ratios and loading rates, shear and tension-
tension coupled damage was the main damage pattern of CRC
sample. The coal sample was the main bearing body of CRC
structure, and the damage mode of the coal sample determined
the coupled failure mode, as shown in Table 4.

Table 4 shows that the damage of the CRC specimen started
at the coal-rock interface, and the cracking began in the coal
sample. The loading of the coal sample accumulated many elastic
deformation energies, some of which was used for self-deformation,

Table 3. Failure Modes of Individual Samples with Equal Strength of Coal and Rock

Tension crack
with falling
block
- d

Tensile splitting
failure

Loading rate 0.002 mm/s Loading rate 0.004 mm/s

Loading rate 0.006 mm/s
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Table 3. (continued)

Shear crack

}\

Loading rate 0.002 mm/s

Loading rate 0.004 mm/s

Loading rate 0.006 mm/s

and some of which was transferred to the rock sample, resulting
in cracks in the rock sample. As the coal-rock height ratio increases,
the coal sample was the main body bearing the load and undergoing
deformation failure, but the degree of deformation and damage
of the rock sample gradually reduced. When the height ratio was
2:3, the coupled damage mode of the CRC was tensile failure.
When the height ratio was 1:1 or 3:2, the CRC sample was

Table 4. Coupled Failure Modes of CRC Samples

dominated by the shear-coupled failure mode. When loading rate
of 0.006 mm/s, the coupled failure way of the CRC sample
showed obvious characteristics of shear failure.

5. Conclusions

This study focused on investigating coal-like and rock-like

R2C3-2b

Local cleavage f

Height ratio 2:3

Height ratio 2:3

R1C1-4b

R1C1-6a

Height ratio 1:1 Height ratio 1:1

Height ratio 1:1
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Table 4. (continued)

R3C2-6a

Tension crack

Height ratio 3:2 Height ratio 3:2

Height ratio 3:2

samples and CRC samples that were developed and processed
using materials with equal strength are taken as the research
objects. Using an electronic universal testing machine, a static
strain testing system and an AE monitoring system, UC tests
were conducted for CRC with equal strength for disparate rock-
coal height ratios and loading rates. By analyzing the strength,
deformation and AE properties of the CRC samples, and studying
the coupled damage mode of the CRC sample, the following
findings were obtained:

1. The damage modes of individual coal and rock samples
with equal strength were mainly tensile failure, and the o-¢
curves included four stages: compaction, elastic distortion,
plastic yield and post-peak damage. The compaction stage
of individual samples with equal strength of coal was more
obvious, while the brittle failure of individual samples with
equal strength of rock was more obvious after the peak.
The peak intensities of the coal and rock specimens increased
with increasing loading rate. The strengths of the rock
samples increased approximately linearly, while those of
the coal samples increased nonlinearly. The E of the coal
and rock with equal strength samples increased to various
degrees with increasing loading rate, while u decreased to
various degrees.

2. The AE characteristics of individual coal and rock specimens
and CRC specimens, all with equal strengths, differed. The
active stages of AE activities of signal coal and rock
specimens were in the plastic stage and the post-peak stage.
During the periods before and after the stress peak are
when the AE event count reached the maximum value.
However, the single counting peak values of the AE event
of the CRC samples were not greatly influenced on the
rock-coal height ratio, although the number of cumulative
AE events was affected to a certain extent, and the loading
rate had a strong effect on the AE properties of the CRC.

3. The damage modes of CRC samples were disparate those
of individual samples: When the rock-coal height ratio is
2:3, the failure mode was guided by tensile damage; when

the height ratio was 1:1 and 3:2, the damage mode was
alternately tensile-shear damage and tensile failure, and
when loading rate is 0.006 mm/s, the coupled failure mode
of CRC samples showed obvious characteristics of shear
failure. As the loading rate increases, the compaction stage
and elastic deformation stage of the CRC samples were
significantly shorter, and the post-peak brittle damage of
the samples was more obvious. When the height ratio was
small, the o-¢ curve was smooth. When the height ratio
increased, the curve fluctuated in the pre-peak stage. The £
and strength of the CRC samples increased with increasing
coal-rock height ratio and loading rate.
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