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Abstract

The stability, design, and evaluation of coal-pillar dams are affected by how water and mining affect the mechanical perfor-
mance and failure mode of coal. We analyzed the composition and water-absorption mechanisms of coal samples taken from
the Chahasu coal mine in western China by x-ray diffraction and nondestructive water-soaking tests. Uniaxial compression
tests were carried out on coal samples with different moisture contents and loading rates to investigate their mechanical
properties and deformation damage characteristics while monitoring the acoustic emissions. The compressive strength and
modulus of elasticity decreased with increased moisture content, with maximum attenuations of 50.3% and 42.4%, respec-
tively. Increasing the loading rate caused the compressive strength and elastic modulus to first increase and then decrease;
the maximum increases were 74.2% and 82.5%. With low moisture content and low loading rate, the coal samples become
brittle; the main failure mode was tensile failure. Increasing the moisture content enhanced the plasticity of the coal samples,
leading to more shear cracks and a switch in failure mode from tensile failure to shear failure. The increased loading rate
reduces the effect of water on coal samples and increases the tensile effect. High loading rates tend to produce conical failure
features. Acoustic emission characteristics were used as the basis for classifying the stress stages of coal samples, which
further supplements the analysis of the failure process of coal samples. Finally, the reference of this study to field engineering
practice and its own limitations were analyzed. These results should help guide the design of stable underground hydraulic
systems and advance our understanding of rock-fracture-failure mechanisms in a water-rich environment.
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Introduction of water resources in the area does not satisfy the demand.

Newly developed water-preserving mining technology (Liu

Fossil energy in the form of coal still accounts for most of the
world’s energy supply and for 58% of China’s total energy
consumption (British Petroleum 2019). In 2021, the output
of raw coal from the five provinces of Shanxi, Shaanxi, Inner
Mongolia, Xinjiang, and Ningxia amounted to about 3.34
billion tons, accounting for 82% of the country’s total output
(National Bureau of Statistics of the People's Republic of
China 2021). However, the western region is in an arid and
semi-arid zone with scarce water resources, and the supply
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et al. 2018; Sun et al. 2018; Zhang et al. 2017) and goaf
water-storage technology (Gu 2015; Gui et al. 2018; Li et al.
2018) have alleviated the water-resource problem for coal
mining in these areas. After destroying the water-containing
layer, the confined space (underground reservoir) in the goaf
formed by the coal-pillar dam can contribute to protecting
water resources (Tang 2019). In a water-rich environment,
water degrades the mechanical strength of the coal-rock
mass, which greatly affects the stability and impermeability
of coal-pillar dams. Thus, the mechanical properties and fail-
ure modes of water-containing coal should be investigated
to determine the proper size of coal-pillar dams and how to
design adjacent structures that do not allow water seepage,
both of which are important for the construction and safe
operation of underground-reservoir projects in coal mines.
Soaking in water changes the mineral composition and
microstructure of coal rock by decreasing the cohesion of
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mineral particles, which degrades the mechanical charac-
teristics of coal rock. Numerous studies have investigated
the mechanical properties of water-containing coal-rock. For
example, Yang et al. (2017) studied the mechanical proper-
ties of natural and forced water-soaked coal samples through
single-axis and three-axis static-loading compression tests
and found that forced water soaking increases the saturated
moisture content of coal samples and decreases the compres-
sive strength and cohesion. Chen et al. (2017) conducted a
single-axis compression experiment to compare coal-rock
composite samples that were dry with samples contain-
ing intrinsic and saturated moisture content and found that
the dry coal-rock composite sample was mechanically the
strongest, followed by the coal-rock composite with intrin-
sic moisture content, and finally by the saturated coal-rock
composite.

Investigating how moisture content affects the mechani-
cal properties of a coal-rock mass showed that an increase
in moisture content decreases the elastic modulus, rigidity,
compressive strength, tensile strength, and other physi-
cal parameters (Vergara and Triantafyllidis 2016; Zhou
et al. 2016), whereas the degree of plasticity and softening
increases (Hu et al. 2017). While repeating water soaking
experiments to study water-resistant coal and rock pillars,
Yao et al. (2011, 2015, 2016) developed a nondestructive
experimental device for soaking, which they used to study
how drying-saturation cycles affect the mechanisms of
mechanical damage and the acoustic emission (AE) of coal
and rock samples. Yilmaz et al. (2009) indicated that, in the
Mohr—Coulomb failure criterion, in which the friction angle
determines how rock strength is reduced by water, the defor-
mation of water-containing sedimentary rock is greater than
in the dry state and is manifested as an increase in Poisson’s
ratio and a decrease in Young’s modulus.

Coal pillar dams are an important part of underground
reservoirs and are affected not only by long-term exposure
to water but also by subsidence stress in the strata overlying
the goaf. Because of different mining intensities at adjacent
workfaces, the loading rate of coal-pillar dams constantly
changes due to the subsidence of overlying strata. The load-
ing rate is thus an important engineering factor that varies
over large scales and strongly affects the mechanical prop-
erties of coal and rock (Yang et al. 2005; Yin et al. 2010).

Currently, numerous laboratory tests have focused on
brittle rocks. Other studies have considered how loading
rates affect the strength of rocks such as fine sandstone,
tuff, oil shale, limestone, and salt stone (Chong 1990; Lajtai
1991). Single-axis compression tests reveal that the com-
pressive strength and elastic modulus of rock increase with
loading rate (Li 1995; Martin 1993; Shams et al. 2015),
whereas the bearing structure of coal samples tends to store
more deformation energy under high loading rates (Li et al.
20164, 2015). Li et al. (2016¢) found that, as the loading rate
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increases, damage stress appears earlier in the coal sample
and fails sooner, yet when the loading rate reaches the criti-
cal value, the load tends to stabilize. Li et al. (2016b) used
numerical simulations to reveal that macroscopic damage
decreases with an increased loading rate. As the loading
rate increases, peak counts of AE and their energy increase,
whereas accumulated counts of AE and their energy
decrease. On the theory side, Alam et al. (2015) proposed
an empirical equation that relates the dynamic increase to
the applied strain rate. Qi et al. (2003) studied the strain-
rate-dependent mechanism of brittle rock and deduced the
strength-strain-rate-dependent model of brittle materials.
These results and others have laid the foundation for the
study of how loading rates affect the mechanical properties
of rock.

To date, research into the effect of media-loading rate
has focused mainly on brittle rock. However, the brittleness
of coal is between that of hard rock and soft rock, and its
mechanical response to loading rate differs from that of ordi-
nary rock. In addition, the effect of water complicates the
mechanics, and the relevant mechanisms causing internal
damage in coal remain to be clarified. Thus, in this study, we
first used x-ray diffraction (XRD) and nondestructive water-
soaking experiments to deduce coal-sample composition and
water-absorption mechanisms. Then, based on single-axis
compression and AE experiments involving rocks with dif-
ferent moisture contents and loading rates, we investigated
the characteristic mechanical damage and structural failure
of coal samples. The results of this research should improve
our fundamental understanding of the mechanisms of dam-
age to water-containing coal as a function of loading rate
and provide a useful reference for the stability design of
coal-pillar dams.

Methods
Materials and Preparation

Samples of the representative coal seam were collected
near the coal pillar dam from the Chahasu coal mine in the
Dongsheng coalfield of the Shendong mining area, China
(see Fig. 1). The original coal samples were processed into
@ 50 mm X 100 mm standard cylindrical samples, according
to the experimental requirements of the International Society
for Rock Mechanics Test Specification (Muralha et al. 2014)
and the Petrophysics Mechanical Properties Test Regula-
tions DZ/T0276.25-2015 (Ministry of Land and Resources
of the PRC 2015). Four typical moisture contents and four
typical loading rates were selected as variables to cross-test
the coal samples, with each set of variable combinations
containing three specimens. The coal samples were divided
into 16 groups of three each, for a total of 48, and numbered
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Fig. 1 Sampling information

Ordos
(Sample location)

according to moisture content and loading rate. In the num-
bering convention, W is the moisture content, V is the load-
ing rate, and the number is the serial number (see Table 1).

Sample Compositions

The XRD test results of the coal samples are shown in Table
S-1 and Fig. S-1. The coal samples contain quartz (12%),
plagioclase (3%), calcite (4%), clay minerals (7%), and other
minerals (74%); the clay minerals are mainly kaolinite (9%)
and chlorite (91%). The quartz is a high-strength rock-form-
ing mineral that increases the strength of coal samples. Car-
bonate minerals such as calcite can fill cracks in the coal and
can remain relatively stable for long periods and have little
effect on the coal sample. After soaking the coal samples in
water, part of the free water intrudes into the clay minerals;
the kaolinite in the clay has strong absorbability and plas-
ticity after being exposed to water. Furthermore, chlorite
thickens when it absorbs water, which increases the rock
volume (Fang et al. 2018).

Instrumentation and Methods

An air-blowing drier (Type 101-2, Shanghai Instrument
Factory, China) was used to dry the coal samples. As per
the requirements of the petrophysical mechanical proper-
ties test procedure DZ/T 0276.2-2015 (Ministry of Land and

Resources of the PRC 2015), the drying temperature was set
to 105 °C, and the coal samples were dried for 12 h (h). At
this point, the moisture content of the sample is 0% and the
mass of the sample will no longer decrease with a longer
drying time (Yao et al. 2019). A nondestructive water-
soaking apparatus (Yu et al. 2020; Type HL-8-1WS, China
University of Mining and Technology & Dongying Cortes
Test Instrument Co., Ltd., China) was used to soak the coal
samples in water. The atomiser was connected to the humidi-
fication space inside the device by built-in piping. The coal
sample was exposed to the constant-humidity water vapor in
the humidification space until it was saturated. The change in
the quality of the coal sample was monitored in real time by
the bottom sensor and plotted as a function of the moisture
content by a signal converter (Yu et al. 2022). The coal sam-
ples freely absorbed water while in the saturated-humidity
water vapor area at constant temperature and humidity. This
avoided damaging the coal samples that can occur when they
are directly soaked in water and thus ensured the integrity
of the coal samples. The loading system used an electro-
hydraulic servo universal testing machine (Type C64.106,
MTS Systems Corp., USA) to do single-axis compression
experiments on the coal samples at loading rates of 0.1, 0.2,
0.5, and 1.0 mm/min. The AE signals of the coal samples
were monitored during compression using an AE monitor-
ing system (Type PCI-II, American Physics Acoustic Co.,
USA). To accurately localize the AE source, four probes

Table 1 Meaning of sample

number Loading rate/moisture 0% 2.32% 5.79% 9.37%
content
0.1 mm/min WI1VI-1(2,3) W2V1-1(2,3) W3-VI-1(2,3) W4-V1-1(2,3)
0.2 mm/min WI1-V2-1(2,3) W2-V2-1(2,3) W3-V2-1(2,3) W4-V2-1(2,3)
0.5 mm/min WI1-V3-1(2,3) W2-V3-1(2,3) W3-V3-1(2,3) W4-V3-1(2,3)
1.0 mm/min W1-V4-1(2,3) W2-V4-1(2,3) W3-V4-1(2,3) W4-V4-1(2,3)
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were arranged at the upper and lower 1/3 points on four sides
of each cylinder. Figure 2 shows the test system.

Results and Discussion

The Water-Absorption Mechanism of the Coal
Samples

Figure 3 plots the moisture content of the coal samples as
a function of soaking time. Based on the water absorption
speed of the coal samples, which is the slope of the curve,
the curve can be divided into three stages: (i) fast growth, (ii)
slow growth, and (iii) basic saturation. During the first 8 h that
the initially dry coal samples were in contact with water, the
coal surface quickly absorbed water, and the moisture content
in the coal increased at a rapidly increasing rate. From 8 to
21 h, the water infiltrated from the surface into the bulk of
the coal samples, gradually completing the water-absorption
process. Although the moisture content increased in this stage,
the water absorption rate decreased. Next, from 21 to 40 h,
when the coal samples were close to saturated, the absorp-
tion rate approached zero, and the moisture content essen-
tially remained unchanged. After 40 h, the moisture content
of the saturated coal samples was 9.37%. Overall, the water-
absorption capacity of the coal samples, which is related to the
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Fig.3 Moisture content as a function of soaking time

extensive distribution of internal pores and cracks, was satis-
factory. The moisture content of the coal samples was related
logarithmically to the soaking time as follows:

W = —1.5002In(f — 0.7672) + 42412, R* = 0.9753 (1)
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Fig.2 Schematic showing the experimental system
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where W is the moisture content (%), t is the soaking time
(h), and R? is the correlation coefficient of the fitted curve.
The result, R*=0.9753 ~ 1, indicates a good fit. Herein,
the characteristic moisture content (0%, 2.32%, 5.79%, and
9.37%) of the three water-absorption stages of the coal sam-
ples is regarded as a variable.

Mechanical Damage to the Coal Samples due
to Moisture Content

Figure 4 and Table S-2 show the full stress—strain curves
and mechanical properties of the coal samples with various
moisture contents. To describe the crack-development mode
in single-axis compression (Yu et al. 2020), the stress—strain
curve of the coal can be divided into five stages: (i) crack
compaction, (ii) elastic deformation, (iii) stable crack expan-
sion, (iv) unstable crack expansion, and (v) unloading failure
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(Eberhardt et al. 1998; Hoke and Bienawski 1965). Com-
pared with dry coal samples, the saturated coal samples were
more prone to fluctuations in the stress—strain curve prior to
the peak stress, which reflects the “stress mutation” phenom-
enon. This phenomenon is mostly concentrated near the peak
stress at high loading rates. In the saturated state, the coal
samples were greatly weakened, which substantially reduced
their overall and local surface strength, which in turn facili-
tated local damage to the coal samples by small stresses,
thereby causing stress mutation. Additionally, under high
loading rates, the stress of the coal samples increased faster,
and the stress-mutation phenomenon becomes more evident.

After the moisture content increased, the coal sample
compaction curve became smoother due to the increased
compressibility of the coal samples and the clay minerals
after being softened by water. At the same time, the expan-
sion of some clay minerals (e.g. chlorite) in contact with the
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Fig.4 Stress-strain curves of coal samples with different moisture contents. a V = 0.1 mm/min, b V = 0.2 mm/min, ¢ V = 0.5 mm/min, d V =

1.0 mm/min
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water also caused the expansion of primary cracks in the
coal samples, which leads to prolonged compaction. Addi-
tionally, with increasing moisture content, the peak stress of
the coal samples gradually decreases, while the peak strain
continues to increase. The curve rises more smoothly in the
elastic phase, and the coal samples demonstrated more plas-
tic characteristics, which is consistent with previous research
(Hu et al. 2017).

After the moisture content increased, the coal sample
compaction curve became smoother due to the increased
compressibility of the coal samples and the clay minerals
after being softened by water. At the same time, the expan-
sion of some clay minerals (e.g. chlorite) that were in con-
tact with the water also caused the expansion of primary
cracks in the coal samples, which led to prolonged com-
paction. Additionally, with increased moisture content, the
peak stress of the coal samples gradually decreased, while
the peak strain continued to increase. The curve rose more
smoothly in the elastic phase, and the coal samples demon-
strated more plastic characteristics, which is consistent with
the results of previous research (Hu et al. 2017).

Figure 5 shows that the compressive strength of the coal
samples decreased with increased moisture content. As an
example, at a loading rate of 0.1 mm/min, the average com-
pressive strength of the coal samples decreased from 12.8 to
12.0 MPa, 9.8Mpa, and 8.2Mpa, with an average attenuation
of 6.3%, 23.4%, and 35.9%, respectively, as the moisture
content increased from 0 to 9.37%. Overall, the coal samples
at various loading rates tended to weaken when saturated,
and to some extent, the compressive strength decreased
more clearly at the high loading rates. During the water-
coal interaction, water infiltrated into the coal samples and
then reacted physically and chemically with the impurity
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Fig.5 Compressive strength of coal samples as a function of mois-
ture content
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minerals and cements therein. This reduced the cohesive
force between coal particles and weakened the connection
between particles (Cai 2002). Meanwhile, water enters the
cracks and pores of the coal samples and generate hydro-
static pore pressure. Under the action of external compres-
sion, the pores expand, thereby leading to a decrease in the
compressive strength of the coal samples (Wang et al. 2016).

Figure 6 plots the elastic modulus of the coal samples as
a function of moisture content. The compressive strength of
the coal samples decreased with increasing moisture content,
but there was a decreasing trend in the rate of compressive
strength’s decrease. Under a loading rate of 0.1 mm/min,
the average elastic modulus of the coal samples with 0%
moisture content drops from 1109 Mpa to 892, 800, and 796
Mpa at moisture contents of approximately 2.32%, 5.79%,
and 9.37%, for an average attenuation of 19.6%, 27.9%, and
28.2%, respectively. Likewise, at a loading rate of 0.5 mm/
min, the average elastic modulus of coal samples with 0%
moisture content dropped from 1798 MPa to 1627, 1213,
and 1131 MPa at moisture contents of approximately 2.32%,
5.79%, and 9.37%, for an average attenuation of 9.5%,
32.5%, and 37.1%, respectively. Thus, the elastic modulus
of water-containing coal is extremely sensitive to the loading
rate. The influence of water on the elastic modulus of coal
samples is related not only to the formation and structure
of coal and the properties and composition of the solution
(Eberhardt et al. 1998) but also to the mineral dissolution
process and particle adhesion inside the coal samples. Once
water enters the coal samples, it undergoes a hydrolysis reac-
tion with the soluble substances in the cement and reduces
the adhesive force between particles. Meanwhile, the lubri-
cative effect of water also reduces the friction between parti-
cles, which is macroscopically expressed as a decrease in the
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Fig. 6 Elastic modulus of coal samples as a function of moisture con-
tent relation
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friction between the fracture surfaces and ultimately reduces
the elastic modulus (Eberhardt et al. 1999) Under high load-
ing rates, the stress in the coal samples rises relatively rap-
idly, the fracture surfaces are more prone to relative slip, and
the elastic modulus decreases.

Mechanical Damage to Coal Samples due to Loading
Rates

Figure 7 shows the full stress—strain curves of the coal sam-
ples with three moisture contents at different loading rates.
The coal samples with low moisture content and high load-
ing rates are brittle in the post-peak stage, and the stress
drops quickly after the peak. This is because coal samples
with low moisture content are not greatly weakened by being
saturated with water, whereas the stress increases rapidly
at high loading rates, and the internal energy accumulates
quickly. After reaching peak stress, the energy was released
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very rapidly, which destroyed the coal sample. Additionally,
compression of a coal sample at a low loading rate is slow,
and the positive slope of the curve is near zero, reflecting the
fact that the cracks in the coal sample were compressed and
expanded fully at a low rate of stress growth. Although the
coal samples rapidly compress under high loading rates, the
positive slope of the curve was steeper. With an increased
loading rate, the peak stress of the coal samples and the
ultimate bearing capacity increased even further.

Figure 8 plots the compressive strength of the coal sam-
ples as a function of the loading rate. As the loading rate
increased from 0.1 to 1.0 mm/min, the average compressive
strength of the coal samples with 5.79% moisture content
increased from 9.8 MPa to 10.5, 14.4, and 16.6 MPa at load-
ing rates of 0.2, 0.5, and 1 mm/min, for an average increase
of 7.1%, 43.8%, and 47.2%, respectively. Likewise, the com-
pressive strength of the coal samples with 9.37% moisture
content increases from 8.2 MPa to 8.5, 11.2, and 11.4 MPa,

b
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Fig. 7 Stress-strain curves of coal samples under various loading rates. a W = 0%, b W =2.32%, ¢ W = 5.79%, d W = 9.37%
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Fig.8 Compressive strength as a function of loading rate

at loading rates of 0.2, 0.5, and 1 mm/min, for an average
increase of 3.4%, 36.6%, and 39.0%, respectively. To a cer-
tain extent, the compressive strength of the coal samples
was positively correlated with the loading rate, which can be
attributed to the fact that the growth in stress at low loading
rates is slow, and the development of microstructure defects
(such as primary cracks and secondary damage in the coal
samples) and expansion is sufficient. This results in severe
damage to the interior of the coal samples before reaching
the peak stress, thereby reducing the load-bearing capacity
of the coal samples. On the other hand, at high-loading rates,
the internal-damage propagation time of the coal samples is
limited, the crack activity is relatively suppressed, and the
degree of accumulated damage in the early stage is reduced,
resulting in high-strength characteristics on a macroscopic
scale (Luo et al. 2018). It should be noted that when the
coal samples are saturated (W =9.37), the effect of water on
their mechanical properties is greater, which in turn causes
a small change in the correspondence between compressive
strength and loading rate.

As the loading rate was increased incrementally, the
compressive strength of the coal samples increased up
to a critical value. For loading rates ranging from 0.1 to
0.5 mm/min, the compressive strength correlated positively
with the loading rate. When the loading rate was increased
to 1.0 mm/min, multiple sets of test data indicated that the
compressive strength of the coal samples decreased com-
pared with the previous loading rate, which differs from the
general mechanical response of brittle rock to loading rate.
Preliminary analyses indicate that the coal samples contain
numerous cracks and that the coal was weaker than the brit-
tle rock. After the loading rate rose to the critical value, the
stress concentration of internal cracks in the coal samples
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Fig. 9 Elastic modulus as a function of loading rate

was too high due to the excessively rapid stress growth rate,
which facilitated sudden expansion and penetration, thereby
reducing the load-bearing capacity. This was manifested in
the experiments by severe damage to the coal samples. Addi-
tionally, the water and the loading rate affected the mechani-
cal properties of pf coal is a mutually restrictive manner. At
high moisture content, the compressive strength was less
sensitive to the loading rate; the compressive strength of
the moist coal samples changed only slightly as the loading
rate rose.

Figure 9 shows the elastic modulus of the coal samples
as a function of the loading rate. As an example, the coal
samples with a moisture content of 5.79% increased from
800 MPa at a loading rate of ~ 0.1 mm/min to 1111, 1213,
and 1283 MPa at loading rates of = 0.2, 0.5, and 1.0 mm/
min, for an average increase of 38.9%, 51.6%, and 60.4%,
respectively. As the loading rate increased, the elastic modu-
lus of the coal samples tended to increase and then decrease,
which was more evident at lower moisture contents. Like the
compressive strength, the elastic modulus of the coal sam-
ples was affected by the loading rate and was not durative. In
the range of 0.1-0.5 mm/min, the elastic modulus increased
with the loading rate, and when the loading rate was in the
range of 0.5-1.0 mm/min, the elastic modulus dropped after
the peak. Thus, the critical value of the loading rate was
between 0.5 and 1.0 mm/min.

Stress Threshold and Acoustic Emission
Characteristics During the Failure Process

The destabilization damage of a coal sample consists of
sequential stages of progressively increasing severity. Based
on macroscopic deformation, the process of coal rock dam-
age can be divided sequentially into the crack closure stage,
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elastic deformation stage, stable crack growth stage, unstable
crack growth stage, and post-peak stage. Although the full
stress—strain curve reflects the overall stress and deforma-
tion pattern of a coal sample, it remains difficult to obtain a
clear indication of the extent of damage within the sample.
AEs, defined as an elastic wave propagating due to the rapid
release of energy within a material (Lockner 1993), has been
widely used in nondestructive testing and damage assess-
ment (Aggelis 2011; Ohno and Ohtsu 2010) and can be used
as a basis for classifying the stress stage of coal samples.
Figure 10 shows the correspondence between AE counts,
AE cumulative counts, and stress.

As shown in Fig. 10, the OA section is the crack clo-
sure stage, where the primary cracks within the coal sam-
ple gradually close, and the AE events are mainly caused
by crack compression and friction. It should be noted that
the letter "O" represents the coordinate origin. During this
stage, the AE counts are low, and the cumulative AE counts
grow steadily. The AB section is the elastic deformation
stage, where the coal sample undergoes recoverable elastic
deformation under axial stress, and the AE counts increase
slightly compared with the previous stage. The BC section is
the stage of stable crack growth where the sample develops
irrecoverable deformation. New cracks begin to sprout and
develop within the coal sample, AE counts increase, and
the slope of the cumulative AE count curve increases. The
CD section is the stage of unstable crack growth, where the
degree of damage is most intense before the peak stress. As
new cracks begin to penetrate and form larger cracks within
the sample, the bearing structure of the sample gradually
destabilizes, and AE counts begin to peak, with the cumula-
tive AE count curve rising approximately vertically. Point D
is the peak stress point of the coal sample, after which the
sample enters the post-peak stage. The macroscopic damage
that occurs in the coal sample releases a large amount of
energy, with intense peaks in the AE counts and a peak in
the cumulative AE count curve.

Numerous AE events in the dry coal samples occur
mainly during the unstable crack growth stage and near
the peak point, whereas almost no large-scale AE events
occur during the crack closure stage and the elastic stage.
The reason for this is that the high strength and stiffness of
a dry coal sample makes the overall structure more stable
and allows enough energy to be built up to resist external
forces, whereas reaching the peak stress instantly releases
a large amount of energy and causes complete destruction.
As the moisture content increases, the distribution of AE
events appears to change quite a bit. For example, a coal
sample with a moisture content of 5.79% has fewer peak AE
counts, and cumulative AE counts peak near the stress peak
decreases a lot relative to the dry coal sample, although there
are few AE events in the crack closure stage and elastic stage
of the coal sample. Water weakens the cementation between

the particles within the sample, reducing the strength and
stiffness of the sample and preventing it from accumulating
much energy, and the destruction of the sample gives it a
more plastic character. Notably, the frequency of AE events
increases for coal samples with a moisture content of 9.37%,
and the number of AE events in the crack closure stage and
elastic deformation stage increases greatly, with multiple
AE count peaks. This means that more structural damage
occurred in the early stages of the compression process, cre-
ating numerous microfractures in the coal sample. On the
one hand, this is related to a degradation of the mechanical
properties and an enhancement of the plastic characteris-
tics of the coal sample due to the influence of water; on the
other hand, the inhomogeneity of the sample itself and the
distribution of internal primary pores and cracks can also
affect the results.

Figure 10d shows the crack closure threshold, the crack
growth threshold, the crack damage threshold, and the mac-
roscopic damage threshold (corresponding to points A, B,
C, and D, in Fig. 10) as a function of moisture content. The
macroscopic damage threshold, as well as the crack dam-
age threshold, decreases approximately linearly with increas-
ing moisture content. Clearly, this is due to the softening
and scouring effect of water, which weakens the mechani-
cal properties of the coal sample and compromises the
integrity of its load-bearing structure. Note that the crack
growth threshold varies less with increasing moisture con-
tent, whereas the crack closure threshold remains almost
constant or even increases slightly (c,,_g4=1.1515 MPa,
Oy=5.799, = 1.1566 MPa, 6,,_g 374, =1.1617 MPa). This result
is attributed to a combination of two factors: the softening
of the coal samples caused by the water facilitates fracture
closure, and; crack closure requires higher stresses in water-
bearing coal samples to overcome the pore water pressure.
The two factors work against each other, resulting in a phe-
nomenon where the moisture content has less influence on
the structural changes of the coal sample during the initial
period of loading.

Different types of cracks produce different AE waveforms
during their generation and extension and the risetime/
amplitude (RA) and average frequency (AF) values in AE
are evidence of the type of internal cracks in the material.
Risetime is a parameter of acoustic emission that represents
the time elapsed between the first crossing of the threshold
and the maximum amplitude of the signal. Low AF and high
RA values represent shear cracks, and high AF and low RA
values represent tension cracks (Arash et al. 2014). Based
on the mathematical concept of the random data probability
density function, the Matlab software functions null and hist
were used to calculate the probability distribution density of
the RA and AF values, and the results were fitted to a cloud
plot, allowing for visual analysis of crack types. Figure 11
shows the distribution characteristics of RA-AF values for
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coal samples with different moisture contents. The percent
of high-density pixels (orange) in both tensile—shear (T-S)
regions indicates that the coal samples with different mois-
ture contents have an overall high AF value and low RA
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value (i.e. tensile cracks dominate the compression process
in the coal samples). According to the Griffiths strength
criterion, crack extension is caused by stress concentration
near the crack tip, and rock-like materials generally have
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less tensile strength than compressive strength, making them
more susceptible to tensile cracking during compression. As
the moisture content increased, the percent of high-density
pixels in the T-S region changes. The high-density region
gradually shifted to the lower right, which means that ten-
sile cracks gradually decreased in number and shear cracks
gradually increased in number. Furthermore, the increase in
shear cracks also predicts a trend in the overall form of dam-
age to the coal sample, which is analyzed in the next section.

Structural Failure of Coal Samples

The damage and failure modes of the coal samples involve
the initiation, expansion, and penetration of internal cracks
(Li et al. 2001). During single-axis compression, the failure
modes of the coal samples can be summarized as x-shaped
conjugate slope shear failure, single slope shear failure, and
tensile failure, as shown in Fig. S-2. The study of the differ-
ence in the failure characteristics of the dynamically loaded,
water-containing coal samples can provide a useful refer-
ence for exploring coal damage modes. Figure 12 shows
the macro-failure characteristics of the coal samples in this
experiment.

Figure 12 shows that the dry coal samples mainly gener-
ated tensile failure at low loading rates, and multiple axial
cracks (see, e.g. W1-V1-1) appeared on the surface, which
is related to the tensile strength of the coal-rock mass
generally being less than the compressive strength (Niu
2017). The Poisson effect is active during the single-axis
compression process of the coal samples, which affects
the axial loading and constraints, and the horizontal ten-
sile stress generated by the coal samples first reaches the
strength limit and then fails, finally forming the axial ten-
sile failure surface. When the coal samples are soaked in
water, their moisture content increases, and water reduces
the cohesive force and friction coefficient between mineral
particles, facilitating local slippage between the surfaces
of the coal samples under the action of small stresses,
thereby leading to shear failure. With increased moisture,
the probability of shear failure increases, especially at low

loading rates (see, e.g. W1 ~4-V1-1 and W1 ~4-V2-1).
The difference in moisture content also affects the failure
of the coal samples. The dry coal samples are the most
damaged, with the fragments being of small size and the
copious powder particles having sharp edges and corners,
with poor integrity after crushing. Again, a clear cracking
sound is emitted during loading. With increased moisture
content, the coal samples became more plastic, the degree
of damage decreased, and the fragment size increased,
although the coal samples remain relatively cylindrical
after crushing.

Compared with the moisture content, the loading rate has
a greater impact on the coal sample failure characteristics.
At low loading rates, the failure modes of coal samples,
especially tensile failures, are mainly determined by the
moisture content. With increasing loading rate, the influ-
ence of water on the coal samples gradually diminishes.
Since the tensile strength of the coal samples is less than
the compressive strength, the tensile effect under high load-
ing rates is more evident (see, e.g. W1-V1~4—1), whereas
the coal samples that undergo shear failure will actually be
subjected to multiple combined stresses, as manifested in
the cone-shaped morphology of macroscopic failure (see,
e.g. W3-V4-1). This is attributed to the fact that the shear
stress dominates during the loading process and after the
coal samples generate local weak surfaces. However, given
the high loading rates, the stronger effect of shear stress is
not obvious, so it changes to a combined action of simultane-
ous shear and tension. The coal sample failure morphology
eventually becomes characterized by cones.

Moreover, the loading rate also affects the failure mode
of the coal samples. Under low loading rates, the failure
process of the coal samples is slow with low damage, and a
larger volume of the remaining coal samples can be main-
tained. With an increased loading rate, the rapid increase
in stress means that the coal samples quickly accumulate a
great amount of energy. The failure process is thus rapid and
causes a high degree of damage. Loud cracking sounds are
emitted, and fragments of coal are ejected during the failure,
making it difficult to retain complete coal samples.
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Conclusions contents and loading rates to investigate the mechanical
properties and deformation damage characteristics. The

In this study, a series of tests, including XRD, nondestructive ~ main conclusions of this study were that:

water-soaking, AE monitoring, and uniaxial compression, The coal-sample moisture content was approximately

were carried out on coal samples with different moisture ~ logarithmic to the time exposed to the water vapor.
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According to the slope of the curve, the moisture content
can be divided into three stages: rapid growth (0-8 h), slow
growth (8-21 h), and basic saturation (21-40 h). The sub-
sequent tests were thus set at 0, 8, and 40 h, respectively,
and the moisture contents were 0.00%, 5.79%, and 9.37%,
respectively.

The mechanical performance of the coal samples
depended on the moisture content and the loading rate.
The compressive strength and elastic modulus of the coal
samples decreased with respect to the moisture content,
while to a certain extent, the compressive strength and elas-
tic modulus of the coal samples were positively correlated
with the loading rate. However, the strengthening effect of
the loading rate was not durative but had a critical value.
Therefore, with an increasing loading rate, the mechanical
performance of the coal samples tended to first increase and
then decrease.

Thus, the moisture content and loading rate affect the
stress—strain curves of the coal samples. Coal samples
with low moisture contents and low loading rates were
brittle. With increased moisture content, the slope of the
stress—strain curve decreased, and the plasticity increased.
Water-saturated coal samples were prone to stress muta-
tion before reaching the stress peak, and the mutations were
mostly concentrated near the peak at high loading rates.

Dry coal samples easily undergo tensile failure; increas-
ing the moisture content transforms the damage to shear fail-
ure, with a greater number of shear fractures and a reduced
degree of damage. Yet the effects of the loading rate and
moisture content on the failure mode of the coal samples
are mutually restricted. Increasing the loading rate reduces
the influence of the water on the coal samples. The effect
of tension is more obvious, and the coal samples are more
prone to cone-shaped failure at high loading rates.

As an essential component of underground reservoir in
coal mine, the coal pillar dam is subjected to long-term
exposure to water, which reduces its strength and poses a
severe safety hazard. However, the strength variation of the
coal pillar dam body becomes even more complex when coal
mining activities are carried out at the working face adjacent
to the coal pillar dam. Due to the varying intensity of mining
activities, the rate of loading on the coal pillar dam from the
subsidence of overlying strata in goaf continuously changes.
This also affects the stability of the coal pillar dam. In this
paper, the mechanical properties and deformation damage
of coal samples under the influence of moisture content
and loading rate were investigated by uniaxial compression
experiments under AE monitoring. The results of this study
provided basic mechanical parameters for the construction
design of engineering rock masses under similar conditions
and served as a reference for the subsequent stability assess-
ment of engineering rock masses. Meanwhile, the RA-AF
distribution cloud maps of the coal samples drawn based on

AE data under different conditions can accurately and intui-
tively reveal the fracture development and damage patterns
of coal samples, providing an effective method for the sub-
sequent study of water-coal interaction. However, water-coal
interaction is a complex process involving physical, chemi-
cal, and mechanical changes. The purified water used in this
study met the general conditions but ignored some special
cases where the mine water is acidic or alkaline due to sol-
ute transport and ion exchange. Further experimental and
numerical simulations should be carried out to investigate
how different conditions affect the mechanical properties
and deformation damage of coal.
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