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A B S T R A C T

The mechanical properties of coal pillars are crucial for evaluating the stability of underground water reservoirs
in coal mines. This article examines the fracture mechanical behavior of coal in response to mine water im-
mersion, layer direction, and loading rate. Eight types of specimens were studied, featuring inclination angles
between the applied force and the bedding plane of 0◦, 15◦, 30◦, 45◦, 60◦, 75◦, 90◦, and the Divider type. The
loading rates (V) tested were 0.005 kN/s, 0.02 kN/s, 0.05 kN/s, and 0.1 kN/s. The results indicated that after
immersion in mine water for 30 days, the Brazilian splitting strength (BSS), splitting modulus (Em), and absorbed
energy (Ua) of coal decreased by 51.35%, 52.37%, and 44.60%, respectively, compared to the non-immersion
samples. The primary reason for this phenomenon is that the production rate of micropores and small pores
resulting from mine water immersion surpasses their conversion rate to mesopores and macropores. This
imbalance leads to the fragmentation of the internal structure of coal and the interconnection of pore fracture
zones, thereby significantly weakening its bearing capacity. It has been observed that the relative proportions of
failure mechanisms along and across the bedding plane directly influence the variations in coal mechanical
properties at different θ values. Additionally, BSS, Em, and Ua of coal gradually increase with an increase in
loading rate, which is due to the reduced duration of coal damage development and evolution, subsequently
lowering the probability of activating weak structures.

1. Introduction

The extensive use of traditional fossil fuels can cause pollution to the
environment (Zhang et al., 2025). The global energy structure is grad-
ually transitioning towards renewable, green, and clean energy sources.
However, wind and solar energy, as renewable sources, are challenging
to dispatch due to their intermittency and volatility, making it difficult
for their output to adapt to constantly changing demand (Hu et al., 2016;
Mileva et al., 2016; Okazaki et al., 2015). Underground pumped storage
hydropower stations (UPSH) can store excess energy and generate
electricity during high demand periods (Bussar et al., 2016; Moriarty
et al., 2016; Men�endez et al., 2019). Coal mine underground reservoirs

represent ideal locations for pumped storage power generation (Colas
et al., 2023). By utilizing the elevation differences between multiple
underground water reservoirs in coal mines, pumped storage and
discharge power generation systems can be constructed. This opportu-
nity arises because coal, as a traditional energy source, has created
numerous goaf and roadway spaces through long-term mining. The
technology of underground water reservoirs in coal mines involves using
these spaces and connecting the surrounding coal pillars with artificial
dam bodies to form a reservoir dam structure (Kong et al., 2024). The
complex coal rock layers and geostress in coal mines cause coal pillars to
be subjected not only to pressure from overlying rock layers but also to
lateral pressure from surrounding rocks and water along the bedding
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direction (Tang et al., 2019). When coal is under pressure, it undergoes
lateral deformation due to Poisson's effect. Once this deformation rea-
ches the mechanical limit that coal can withstand, the coal pillar be-
comes damaged. Consequently, the mechanical properties of coal pillars
are a critical factor determining the stability of underground water
reservoirs in coal mines (Bodeux et al., 2017).

Coal pillars are immersed in mine water for extended periods during
the operation of underground reservoirs. Water is a primary factor
influencing the physical and mechanical properties of coal rock (Yao
et al., 2020a), which is evident in water-rock interactions. The interac-
tion between water and rock leads to structural destruction through
element migration and mineral transformation (Ling et al., 2015). Water
induces the formation of microcracks and micropores in rocks, accel-
erating the development of subcritical cracks (Liu and Cao, 2016) and
causing damage to the microstructure of rocks. This damage results in
strength discrepancies between mineral particles, thereby reducing
resistance to crack propagation within rocks (Maruvanchery et al.,
2019). Additionally, water can promote the dissolution of certain
organic matter and mineral components, weaken the bonding forces
between particles, and generate stress corrosion effects that facilitate
crack initiation, development, and propagation. However, mine water is
a complex aqueous solution compared to pure water, typically exhibit-
ing acidity, alkalinity, or high salt concentrations, which have a more
intricate impact on coal than pure water.

In addition to the external environmental factor of mine water, the
influence of the structure of the coal pillar dam on its mechanical
properties is significant. Coal is not a homogeneous medium; its layered
structure is quite pronounced. After coal mining, coal pillars serve to
support the roof, leading to significant stress concentration. The relative
position of bedding planes and stress concentration areas critically af-
fects the stability of coal pillars. This is due to the bedding plane of coal
being a weak plane, where the inclination angle between the bedding
plane and the applied load can cause the weak plane to exhibit varying
mechanical states in conjunction with the matrix and the applied load.
Concentrated loads along the bedding plane can easily result in coal
pillar instability. The strength anisotropy of coal is influenced by the
distribution of microstructural directions. The bedding plane directly
governs the uniaxial compressive strength of coal, and the presence of
mineral inclusions enhances the heterogeneity of coal, creating signifi-
cant variations in strength and deformation between mineral inclusion
zones (Zhao and Song et al., 2019a). Song et al. (2018) found that the
uniaxial compressive strength of coal exhibits a U-shaped variation
curve with the dip angles of bedding planes (0◦, 15◦, 30◦, 45◦, 60◦, and
90◦). Sun et al. (2025) conducted a water immersion experiment on coal
from the Daliuta Coal Mine in China for up to 16 days and found that the
mechanical strength and elastic modulus of coal demonstrated signifi-
cant anisotropy along different bedding planes. After immersion for 16
days, the strength of coal with vertical and horizontal inclination angles
decreased by 29% and 45%, respectively. The study by Qian et al. (2024)
showed that the peak strength of crushed coal first decreases and then
increases as the crushing angle varies from 15◦ to 75◦. The peak strength
decreases with increasing water pressure, while the failure mode is shear
failure.

It is important to note that coal pillars are subjected to varying
loading rates from pumping, water storage, and disturbances caused by
nearby coal seam mining, compounded by the long-term corrosion of
coal from mine water. This results in complex loading rate effects on the
stress state of coal pillars. The mechanical response of coal rock changes
under different loading rates. The loading rate can alter the rock failure
mode, and there exists a critical loading rate for the brittle-ductile
transition during the failure process (Zhang et al., 2018). Shi et al.
(2022) conducted notch semi-circular bending (NSCB) tests on aniso-
tropic coal with different bedding angles (ranging from 0◦ to 90◦) and
found that the bedding effect diminished with increasing loading rates.
Li et al. (2015) observed that strength initially increases and then de-
creases with rising loading rates, with the loading rate at the turning

point termed the critical loading rate. Yang et al. (2023) identified that a
loading rate of 0.01 mm/s is the critical loading rate leading to a turning
point in the mechanical strength of saturated coal samples. The
macroscopic failure mode of saturated coal samples at varying loading
rates is predominantly characterized by tensile shear composite failure,
primarily driven by shear failure.

From the aforementioned analysis, it is evident that the coal pillar
dam body exists in a long-term corrosive environment caused by mine
water. Additionally, it is affected by variable rate disturbances from
adjacent coal seam mining, pumped hydro power generation, and water
storage. The impact of the stress environment on the mechanical
behavior of coal pillars is significant. Therefore, studying the mechani-
cal response of coal under the combined effects of the physical and
chemical environment of mine water and varying loading speeds is
crucial. Previous studies have demonstrated that water intrusion pro-
motes crack propagation and weakens the strength of the media (Chen
et al., 2017; Sadeghiamirshahidi et al., 2019). While numerous reports
have addressed the weakening effects of water on coal and rock, mine
water contains more complex components than pure water. Currently,
there is a lack of scientific research examining the impact of mine water
on coal structure and the corresponding mechanical response charac-
teristics. Furthermore, the layered structure of coal, along with its nat-
ural microcracks and micropores, is well developed. The evolution of
microscale pores and fractures during coal splitting in Brazil signifi-
cantly affects macroscopic fracture morphology and is closely related to
splitting failure characteristics (Feng et al., 2020). Most existing
research focuses on the permeability, uniaxial compressive strength, and
elastic modulus of coal after water immersion but does not adequately
consider the combined effects of mine water immersion, bedding plane
direction, and loading rate. Consequently, it is necessary to investigate
the mechanical characteristics and resistance to splitting failure of coal
under the influence of these factors in Brazil.

2. Coal samples and mechanical experiments

2.1. Coal samples

The coal sample used in this study is sourced from a major mining
area in northwest China, which is identified as a potential site for con-
structing underground water reservoirs for coal mines. Intact coal
specimens demonstrating structural homogeneity and absence of
macroscopic discontinuities were selected for experimental investiga-
tion. The coal is collected from underground mines, as illustrated in
Fig. 1. Coal predominantly consists of organic matter, along with minor
amounts of minerals and other components. Initially, cylindrical sam-
ples measuring ϕ 50 × 100 mm were drilled in the direction parallel to
and perpendicular to the bedding planes. Subsequently, the cylindrical
specimens were cut into circular samples measuring ϕ 50 × 25 mm.

To evaluate the effect of bedding on coal splitting in Brazil, the angle
(θ) between the applied force and the bedding plane direction was set to
seven conditions: 0◦, 15◦, 30◦, 45◦, 60◦, 75◦, and 90◦. Additionally, eight
specimen types were examined with the applied force perpendicular to
the bedding plane, as illustrated in Fig. 2. The configuration at θ = 0◦ is
referred to as the Splitter-type, while the configuration at θ = 90◦ is
termed the Arrester-type. When a load is applied perpendicular to the
orthogonal bedding plane, this configuration is designated as the
Divider-type.

2.2. Mine water immersion and brazilian splitting experiment

Mine water was collected from the underground reservoir of the coal
mine, and coal samples were subsequently immersed in it. Different
immersion durations were established at 0 days, 30 days, and 120 days.
Following immersion in mine water, Brazilian splitting mechanical tests
were promptly conducted on the coal samples. The experiments were
performed using an INSTRON mechanical testing machine at Sichuan
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University, with loading rates set to 0.005 kN/s, 0.02 kN/s, 0.05 kN/s,
and 0.1 kN/s. Fig. 3 illustrates the Brazilian splitting mechanical test
performed on coal.

Based on elasticity theory, the tensile strength during Brazilian
splitting can be derived from the stress state at the center point of the
disc (Feng et al., 2020; Wong et al., 2014). The tensile strength of coal
rock can be calculated using the following formula (Gholami et al.,
2014):

σt =
2Pmax
πBD

(1)

In this context, σt represents the Brazilian splitting strength (MPa); Pmax
denotes the peak load (N); B indicates the thickness of the sample (mm);
and D refers to the diameter of the sample (mm).

3. Experimental results and analysis

3.1. Brazilian splitting strength

Measure the dimensions of each coal sample, substitute the data into
Eq. (1), and calculate the Brazilian splitting strength (BSS) for each
sample, along with the average value obtained under the same condi-
tions. The results of the calculations were plotted as curves, as illustrated
in Figs. 4 and 5.

According to Fig. 4, the splitting strength of the Splitter-type coal
samples prior to immersion was 0.74 MPa; after immersion for 30 days,
it decreased to 0.36 MPa, representing a reduction of 51.35%. The
Brazilian splitting strength of the Arrester-type coal sample before im-
mersion was 1.39 MPa, which decreased to 0.76 MPa after 30 days of
immersion, reflecting a decrease of 45.32%. For the Divider-type coal

samples, the splitting strength was 1.86 MPa before immersion and
reduced to 1.11MPa after 30 days of immersion, indicating a decrease of
40.32%. Therefore, immerse in mine water significantly weakens the
breakage resistance of various types of coal. This reduction may result
from the damage inflicted by mine water on coal. As immersion time
increases, the moisture content within the coal exhibits an exponential
increase (Yao et al., 2020b). The weakening effect associated with
changes in bond and non-bond energy can lead to a decrease in the
mechanical strength of coal molecules (Jiao et al., 2024), promoting the
continuous development and expansion of pores and fractures, gradu-
ally increasing the porosity of coal (Ai et al., 2021) and weakening its
mechanical properties.

Fig. 5a illustrates that the Brazilian splitting strength (BSS) of coal
exhibits a pattern of initially increasing, then decreasing, and subse-
quently increasing again with the dip angle of the bedding plane. The
splitting strength increased from 0.36 MPa at θ = 0◦ to 0.58 MPa at θ =

30◦, reflecting a 61.11% increase. However, at θ = 45◦, the BSS sharply
decreased to a minimum value of 0.31 MPa, representing a 46.55%
reduction, indicating that the coal has the weakest ability to resist
splitting damage at this angle. Following this, the BSS gradually
increased with the dip angle, reaching a maximum of 0.76 MPa at θ =

90◦, a 145.16% increase compared to the value at θ = 45◦, at which
point the coal exhibits the strongest ability to resist splitting damage.
This behavior is influenced by the mechanical structure defined by the
direction of force and the bedding planes. Although the coal Brazilian
disk samples do not exhibit pre-existing cracks, the weak planes along
their natural bedding and microcracks significantly impair their resis-
tance to crack propagation. This is influenced not only by the mechan-
ical structure formed by applied loads and bedding planes but also by
the effectiveness of bedding planes and microcracks in resisting unstable

Fig. 1. Photos of partial coal samples.

Fig. 2. Schematic diagram of coal sample types.
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expansion.
The Brazilian splitting strength (BSS) of coal at different loading

rates was calculated using experimental data, with the results presented
in Fig. 5b. As the loading rate increases, the BSS gradually rises. At V =

0.005 kN/s, the average BSS is 0.49 MPa; at V = 0.02 kN/s, the average
BSS value is 0.74 MPa; at V = 0.05 kN/s, the average BSS is 0.94 MPa;
and at a loading rate of V = 0.1 kN, the average BSS reaches 1.06 MPa,
representing a 117.81% increase compared to the lowest value. Despite
the significant increase, the trend of the curve gradually flattens, which
may be related to the speed of damage evolution in coal. A study by Li
et al. (2016) demonstrated that as the loading rate increases, the rate of
load application on the coal sample also accelerates, resulting in a
negative correlation between damage stress and loading rate.

3.2. Brazilian splitting modulus

The elastic modulus is commonly used to assess the stress-strain
relationship of rocks during the elastic deformation stage. In the Bra-
zilian splitting experiment, the Brazilian splitting modulus (Yu et al.,
2004) is defined from a dimensional perspective to indicate the ability of
coal to resist elastic deformation. The vertical axis of the experimental
force-displacement curve is normalized by the area of the rock's me-
ridian plane, as shown in Eq. (2), while the horizontal axis is normalized
by the diameter of the coal sample, as demonstrated in Eq. (3), resulting
in a new curve. The slope of the straight segment of this new curve

represents the Brazilian splitting modulus.

Y2=
Y1
Sm

(2)

X2=
X1
D

(3)

In this context, Y1 represents the vertical axis (N) of the original force-
displacement curve, while X1 denotes the horizontal axis (mm) of the
original force-displacement curve. Similarly, Y2 represents the vertical
axis (N) of the new load-displacement curve, and X2 indicates the hor-
izontal axis (mm) of the new force-displacement curve. Additionally, Sm
refers to the thickness of the sample (mm), and D represents the diam-
eter of the sample (mm). The variation trend of Brazilian splitting
modulus is shown in Fig. 6.

As illustrated in Fig. 6a, after immerse in mine water, the trend of the
Brazilian splitting modulus of coal closely aligns with that of the Bra-
zilian splitting strength, both exhibiting fluctuations with respect to the
dip angle of the bedding plane. When the angle θ ranges from 0◦ to 60◦,
the Brazilian splitting modulus remains relatively low, varying between
80.12 MPa and 95.91 MPa, with its minimum occurring at θ = 45◦. At θ
= 75◦ and 90◦, the Brazilian splitting strength is notably higher,
reaching a maximum of 129.49 MPa at θ = 90◦. Sun et al. (2025) also
demonstrated that after immerse in water, the elastic modulus of coal
displays significant anisotropic characteristics. Fig. 6b reveals that the
Brazilian splitting modulus of coal gradually increases with the loading
rate. The splitting modulus of coal improved significantly from 83.65
MPa at V= 0.005 kN/s to 114.86 MPa at V= 0.002 kN/s, representing a
37.31% increase. However, at higher loading rates, the changes are
more moderate; for instance, at V = 0.1 kN/s, the Brazilian splitting
modulus reaches 136.07 MPa, an increase of only 18.46% compared to
V = 0.002 kN/s.

3.3. Absorbed energy

The deformation and failure processes of coal and rock are accom-
panied by the absorption, accumulation, and dissipation of energy.
Examining the energy dynamics that govern the failure of coal and rock
can provide a more comprehensive understanding of their mechanical
behavior (Wasantha et al., 2014). The energy absorbed by the coal
sample until failure is termed absorbed energy (Tavallali et al., 2010).
Estimating absorbed energy parallels the methodology employed in
uniaxial compressive strength experiments. By calculating the area be-
tween the curve and the x-axis in the experimental force-displacementFig. 4. Brazilian splitting strength of coal samples before and after immersion.

Fig. 3. Schematic diagram of Brazilian splitting loading for coal samples.
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curve, the absorbed energy (Ua) can be derived, as illustrated in Eq. (4)
(Hou et al., 2016).

Ua =

∫Lk

0

Pk⋅dl (4)

Among these parameters, Ua represents the absorbed energy (mJ), Pk
denotes the load at time k (N), dl signifies the displacement difference
(mm) between time k and k+1, and Lk indicates the displacement value
at time k. The trend of Absorbed energy is shown in Fig. 7.

As indicated in Fig. 7a, the absorbed energy of coal immersed in mine
water increased from 150.37 mJ at θ = 0◦ to 215.00 mJ at θ = 30◦.
However, at θ = 45◦, the absorbed energy abruptly decreases, reaching
its minimum value. As θ continues to increase from 45◦ to 90◦, the
absorbed energy rises significantly, reaching its maximum value of
304.74 mJ at θ = 90◦. As illustrated in Fig. 7b, the absorbed energy
increases progressively with the loading rate. At loading rates of V =

0.005 kN/s, 0.02 kN/s, 0.1 kN/s, and 0.5 kN/s, the corresponding
absorbed energy values are 177.59 mJ, 275.38 mJ, 365.82 mJ, and
414.00 mJ, respectively. Initially, as the loading rate increases, the
absorbed energy rises significantly. However, as the loading rate con-
tinues to increase, the trend in energy absorption changes more
gradually.

The Brazilian splitting modulus and absorbed energy of non-
immersion coal are 175.41 MPa and 271.40 mJ, respectively. Immer-
sion in mine water reduces these parameters by 52.37% and 44.60%,
respectively. A comparison of Figs. 5–7 indicates that the trends of coal
energy absorption, Brazilian splitting strength, and Brazilian splitting

modulus in relation to changes in bedding angle and loading rate are
consistent, regardless of whether the coal is immersed in mine water. It
is important to note that in the construction and operation of under-
ground water reservoirs in coal mines, the width and height of coal
pillars, the materials used for reinforcement, the reinforcement pro-
cesses, and the support technologies must be rationally designed.
Moreover, when developing these parameters and technologies, the
tensile strength and energy absorption of coal should be considered.
Therefore, it is essential to statistically analyze the relationship between
splitting strength and absorbed energy, as illustrated in Fig. 8.

The relationship between the Brazilian splitting strength (BSS) and
absorbed energy (Ua), as derived from the data presented in Fig. 8, is
described by the equation y = 0.0026x + 0.00235 (R2 = 0.8410). This
analysis reveals a positive correlation between splitting strength and
energy absorption in Brazilian coal, indicating that an increase in
splitting force leads to greater energy absorption during the destabili-
zation of the coal pillar.

4. Discussion

Coal is a geological formation characterized by distinct bedding
resulting from sedimentation under specific geological conditions. This
resource is rich in organic matter, while mine water contains complex
ions. The prolonged interaction between coal and mine water inevitably
alters the composition and structure of the coal. Microscopic pores and
fractures significantly influence the macroscopic mechanical response
characteristics of coal by affecting the mechanical structure formed by
the coal matrix, layer properties, and layer orientation.

Fig. 5. Variation curve of the Brazilian splitting strength (BSS) for coal samples ((a)-Variation in BSSwith inclination angle (θ) at a loading rate of V = 0.02 kN/s; (b)-
Variation in BSS with loading rate (V)).

Fig. 6. Variation curve of the Brazilian splitting modulus (Em) for the coal sample ((a) Variation in Em with inclination angle (θ) at a loading rate of V = 0.02 kN/s;
(b) Variation in Em with loading rate (V)).
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4.1. The influence of mine water immersion on micro pore cracks

Certain minerals in coal are prone to softening in the presence of
water. In contrast to pure water, mine water is a complex aqueous so-
lution that typically exhibits varying levels of acidity, alkalinity, or high
salinity. Prolonged exposure to acidic conditions increases the porosity,
fracture opening, permeability, and overall deterioration of rocks
(Sheng et al., 2012). The effects of chemical corrosion on rock crack
propagation are complex and depend on various factors, including the
composition and concentration of chemical ions in the solution, pH, the
extent of existing cracks, and the mineral composition of the rock (Chen
et al., 2003; Han et al., 2019). Previous studies employing biochemical,
physical, and chemical methods (Sapsford et al., 2015; Zhao and Sun
et al., 2019b; Iakovleva et al., 2016; Rakotonimaro et al., 2017) have
shown that mine water may contain heavy metals and organic com-
pounds, including ions such as Fe3+, Ca2+, Cu2+, Na+, Cr6+, Mg2+, K+,
S2− , NO3

− , NO2
− , NH4+, SO4

2− , HCO3
− , H+, Cl− Ions, etc. Clay minerals,

calcite, sulfides, hydroxides, and sulfate minerals in coal are susceptible
to chemical reactions like dissolution when exposed to high concentra-
tions of saline solutions. The damage caused to coal can be substantial.
To quantify the impact of mine water immersion on the microscopic
characteristics of coal, low-temperature nitrogen adsorption experi-
ments were conducted. Fig. 9 illustrates the low-temperature nitrogen
adsorption and desorption isotherm of coal.

According to the Brunauer-Deming-Deming-Teller (BDDT) classifi-
cation (Perera et al., 2013) and the International Union of Pure and
Applied Chemistry (IUPAC) classification (Sing et al., 1985), the
low-temperature nitrogen adsorption-desorption isotherm of the tested
coal is classified as type IV, exhibiting a H4 hysteresis loop. This
observation indicates that the pore geometry in coal predominantly

consists of narrow slit-shaped pores. The minimal variation in the shape
of the hysteresis loop suggests that the immerse in mine water has little
effect on the geometric configuration of coal pores. The pore structure
parameters of coal samples affected by immerse in mine water were
determined through adsorption isotherms, as illustrated in Figs. 10 and
11.

Damage refers to the degradation process of materials resulting from
microstructural defects, such as microcracks and voids, under external
loads and environmental conditions. Changes in microstructure lead to
the accumulation of damage, which is reflected in the macroscopic
mechanical response of coal, affecting its mechanical properties and
failure characteristics. According to Fig. 10a, as the immersion time in
mine water increases, the specific surface area of the coal sample
gradually rises from 4.2717 m2/g (untreated) to 12.5705 m2/g after 120
days of immersion. The leaching effect of mine water reduces the min-
eral content of coal and increases its surface energy. Simultaneously, the
total pore volume of coal increases, as shown in Fig. 10b, from 0.0126
cm3/g (untreated) to 0.0180 cm3/g after immersion. Mine water causes
partial dissolution of components in coal samples, resulting in a decrease
in the volume of solid parts and an increase in the volume of formed
pores. It was observed that the average pore size of coal significantly
decreased from 11.7986 nm (untreated) to 5.7277 nm after 120 days of
water immersion, as shown in Fig. 10c, representing a decrease of
51.45%. This indicates that mine water not only induces coal cracking
but also disperses and distributes the cracked particles. Furthermore, the
rate at which mine water increases the specific surface area exceeds the
rate of total pore volume increase. From the proportion of pore volume
within each pore size range, as illustrated in Fig. 10d, as the immersion
time in mine water increases, the proportion of micropores (<2 nm) and
small pores (2–10 nm) gradually rises, while the proportion of meso-
pores (10–50 nm) and macropores (50–200 nm) gradually decreases.
This trend indicates that mine water immersion leads to the emergence
of a significant number of micropores and small pores in coal, with the
increase rate of these pores surpassing their conversion rate to meso-
pores and macropores.

Fig. 11 illustrates the pore size distribution of the coal sample,
derived from the N2 desorption isotherm. The pore size distribution
curves for untreated coal samples, water-immersed coal samples for 30
days, and water-immersed coal samples for 120 days exhibit a unimodal
characteristic, with peaks at pore sizes of 3.9426 nm, 3.9828 nm, and
3.9800 nm, respectively, within the range of 2–10 nm. The peak
following immersion is higher than that of the untreated sample, indi-
cating an increase in the proportion of small pores. The curve for pores
smaller than 2 nm is also higher after water immersion compared to the
untreated samples, indicating a significant increase in the proportion of
micropores. This suggests that the mineral dissolution mechanism,
resulting from interactions between mine water and coal components,

Fig. 7. Variation curve of absorbed energy during the Brazilian splitting test for the coal sample ((a) Variation in absorbed energy with the inclination angle (θ) at a
loading rate of V = 0.02 kN/s; (b) Variation in absorbed energy (Ua) with the loading rate (V)).

Fig. 8. Relationship curve between BSS and Ua of coal samples.
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occurs not only around the particles but also within them. The pre-
dominant mechanism of mineral particle cracking surpasses that of
water absorption and expansion. The fractured coal skeleton exhibits a
dispersed structure, characterized by numerous micropores, while
macropores and mesopores increase in size at a relatively slower rate,
thereby affecting the mechanical properties of coal to some extent. A
study by Sun et al. (2022, 2023) indicated that the specific surface area
and total pore volume of bituminous coal after CO2 adsorption were
lower than those of untreated samples, which also showed a decrease in
strength. Conversely, Jin et al. (2020) found that the specific surface
area, total pore volume, and average pore size of rocks increase with
rising heat treatment temperatures, attributing the increase in pore and
fracture size to the reduction in rock strength. Thus, it is evident that
while different environments (mine water immersion, CO2 immersion,
high-temperature heat treatment) induce changes in the mechanical
properties of coal and rock, the micro-mechanisms of action are not
entirely the same.

To visually observe the distribution of pores and fractures, as well as
the micropores and small pores in coal affected by mine water immer-
sion, scanning electron microscopy (SEM) was employed. This method
allows for the examination of the evolutionary process of these features
developing into larger pores and fractures, as illustrated in Fig. 12.

Coal is predominantly composed of organic matter, with minor
minerals, metals, and other substances; its elemental composition ex-
ceeds 98% C and O (Fig. 12a). Certain organic and mineral components
undergo physical and chemical reactions with water. non-immersed coal
contains intrinsic pores and fractures (Fig. 12b). After 30 days of mine
water immerse, surface crack dimensions increase markedly (Fig. 12c),
demonstrating structural degradation caused by aqueous interactions.
Prolonged immerse exponentially elevates coal's water content, driving
pore expansion (Yao et al., 2020b). These results suggest that compo-
nent dissolution in aqueous mine water environments-where dissolution

rates exceed particle swelling from water absorption-contributes to
structural weakening. Ahamed et al. (2019) attributed reduced coal
strength to solvent effects, wherein water molecules aggregate around
polar functional groups and accumulate in clay minerals. Carbonate
dissolution in water further diminishes interparticle stress, lowering
mechanical strength. Fig. 12d illustrates surface corrosion perpendicular
to coal bedding planes, with fractures propagating along bedding layers.
Water infiltrates coal through these planes, inducing skeletal degrada-
tion and progressive enlargement of pre-existing bedding-plane frac-
tures. Fig. 12e reveals that after 120 days of immerse, coal pores and
fractures coalesce into fragmented structures, with large fractures un-
dergoing significant expansion-collectively driving severe structural
disintegration. Pore connectivity facilitates pore network formation,
culminating in interconnected fracture-pore zones (Fig. 12f), ultimately
resulting in a loosened coal matrix. These fractured and interconnected
regions significantly diminish coal's load-bearing capacity, directly
impairing its mechanical properties.

Based on the analysis of physical and chemical reactions, low-
temperature nitrogen adsorption experiments, and scanning electron
microscopy (SEM) observations, it can be concluded that the interaction
between mine water and coal induces changes in the clay mineral
composition of coal. The reduction in coal composition is greater than
the addition of newly generated components, resulting in an increase in
coal pores and cracks. While mine water creates various scales of pores
and fractures in coal, its effect on promoting the formation of numerous
micropores and small pores is more pronounced. The generation rate of
these micropores and small pores exceeds their conversion rate to
mesopores and macropores. This mechanism of pore and fissure evolu-
tion leads to the formation of fragmented coal structures, weakening the
interconnections among the internal components of coal, a process that
intensifies with prolonged mine water immersion. Concurrently, pores
and fractures progressively converge and merge, facilitating the

Fig. 9. Low temperature N2 adsorption-desorption isotherms of coal samples.
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connection between fragmented structures and forming a zone of
interconnected pores and fractures. Ultimately, the fragmented struc-
ture and the interconnected zone of pores and cracks contribute signif-
icantly to a decrease in the coal's bearing capacity.

4.2. Impact of bedding-plane structures on coal's mechanical properties

The load and bedding direction create a mechanical structure, with
its stability varying according to the bedding angle. Under different
bedding angles, the failure modes of rocks will differ (Jin et al., 2020).
When subjected to sufficient stress and deformation, coal will develop
cracks. The formation of these cracks is a mechanical manifestation of
changes in the stability of the structural integrity. The load applied to
coal can be decomposed into normal stress perpendicular to the bedding

plane and shear stress parallel to the bedding plane, as illustrated in
Fig. 13.

As the inclination angle θ changes from 0◦ to 90◦, both themagnitude
and direction of normal and shear stress vary (Feng et al., 2019; 2020).
The stress distribution governs the failure characteristics. Failure under
Brazilian splitting is not solely characterized by pure tensile failure; it
can also involve pure shear failure, and in many cases, it manifests as a
composite failure mode of tensile and shear (Debecker et al., 2013). In
this study, coal affected by mine water immersion demonstrates distinct
mechanical properties and fracture characteristics. At θ = 0◦ and 90◦,
the primary crack propagates vertically along the center position. This
occurs because the load is aligned with or perpendicular to the bedding
plane, resulting in a largely symmetrical stress structure in the coal.
Under vertical loading, coal experiences uniform tensile stress that ex-
tends laterally. At θ = 15◦ and 30◦, most of the primary fractures
continue to propagate along the bedding plane. At θ = 45◦, a mechanical
structure conducive to shear sliding along the bedding plane is estab-
lished, making coal particularly susceptible to fracture. As θ increases to
60◦ and 75◦, the proportion of the matrix that must be overcome for coal
fracture rises, leading to a significant increase in splitting strength and
exhibiting a combination of shear and tensile fracture properties. The
failure mode of coal is heavily influenced by the angle between the
bedding plane and the loading direction, and is closely related to the
properties of the bedding planes and matrix of the coal. Under pressure,
coal undergoes lateral deformation due to the Poisson effect; the weaker
the bedding plane, the more pronounced the force effect generated along
the weak plane.

At θ = 0◦ (Splitter-type), tensile fractures predominantly propagate
along the bedding plane, reflecting the bedding's tensile strength. At θ =

90◦ (Arrester-type), tensile stress concentrates within the matrix, high-
lighting the matrix's tensile strength. The coal sample exhibits pro-
nounced bedding-plane defects with lower strength relative to the

Fig. 10. Pore structure parameters of coal samples.

Fig. 11. Pore size distribution of coal under different immersion durations in
mine water.
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matrix, resulting in Splitter-type BSS values being lower than Arrester-
type values. For Divider-type samples, fracture necessitates over-
coming both bedding-perpendicular mechanical structures and the
matrix itself. This hybrid tensile-compressive stress regime demands
greater energy input, yielding Divider-type BSS values exceeding those
of Arrester-type samples.

Through the analysis of the mechanical structure, fracture trajectory,
and fracture characteristics of coal, it can be concluded that the me-
chanical properties of coal vary under different bedding angles (θ). As
the bedding angle θ changes from 0◦ to 90◦, both the magnitude and
direction of normal and shear stress also change. The distribution of
stress determines the failure characteristics of coal. These destructive
characteristics directly lead to differences in the mechanical properties
and fracture patterns of coal. The fundamental reason for this variation
lies in the relative proportion of failure mechanisms occurring along and
across the bedding plane, which directly influences the mechanical
properties of coal at different θ values. A greater occurrence of fracture
mechanisms along the bedding plane results in weaker mechanical
properties, indicating a reduced ability of coal to resist fracture. In
contrast, the mechanism of cross-layer damage enhances the mechanical
properties of coal. Notably, the Brazilian splitting strength of coal re-
mains consistent with changes in bedding angle and loading type, both
in untreated samples and those subjected to mine water immersion. This
indicates that the cracking mechanisms of the coal matrix and bedding
plane are similar under mine water immersion.

4.3. Loading rate effects on coal fracture behavior in the brazilian test

The loading rate critically governs the mechanical properties of coal.
As shown in Fig. 5b, Brazilian splitting strength (BSS) exhibits a positive
correlation with loading rate. To quantify this relationship, logarithmic
loading rate (lgV) was plotted against BSS (Fig. 14).

Therefore, data fitting was performed on the average BSS values of
the Splitter-type, Arrester-type, and Divider-type, and Eqs. (5)–(7) based
on linear regression results were obtained.

Splitter type : y = 0:4393x + 1:1694;
(
R2 = 0:9713

)
(5)

Arrester type : y = 0:4573x + 1:5377;
(
R2 = 0:9941

)
(6)

Divider type : y = 0:4375x + 1:8140;
(
R2 = 0:9982

)
(7)

Among them, x represents the logarithm of the loading rate (lgV),

and y represents the Brazilian splitting strength (BSS).
A higher loading rate reduces crack damage, enhancing load-bearing

capacity; however, it increases elastic energy storage in microstructural
elements, inducing localized damage (Li et al., 2015). Coal inherently
contains natural pores and cracks, with new cracks nucleating under
external loads. At low loading rates, microcracks coalesce into macro-
scopic fractures, while high rates reduce the likelihood of defect coa-
lescence into larger cracks. The dominant crack preferentially aligns
with the applied stress direction (Zhu et al., 2021). Increased loading
rates expedite damage propagation, accelerating the transition from
internal damage to macroscopic failure (Li et al., 2016). Higher loading
rates induce earlier damage stress initiation, and specimen failure occurs
more rapidly. Consequently, coal fragmentation necessitates over-
coming greater resistance, enhancing its mechanical properties.
Increasing loading rates correlate with higher coal strength, requiring
greater fracture loads and energy absorption.

Fig. 12. Scanning electron microscopy observation images of coal samples ((a) proportion of coal EDS elements; (b) no immerse; (c) immersed for 30 days;
(d) layered cracks; (e) Cracks after immersion for 120 days; (f) Pores immersed for 120 days).

Fig. 13. Schematic diagram of stress decomposition under different θ
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5. Conclusion

This article presents a series of experiments involving varying du-
rations of mine water immersion, Brazilian splitting mechanics tests,
and micro-pore crack observations on coal. It investigates the influence
of bedding angle and loading rate on the mechanical response charac-
teristics of coal under the effects of mine water immersion. The main
conclusions are as follows.

(1) After soaking in mine water for 30 days, the Brazilian splitting
strength (BSS), splitting modulus (Em), and absorbed energy (Ua)
were 0.36 MPa, 83.54 MPa, and 150.37 mJ, respectively, repre-
senting decreases of 51.35%, 52.37%, and 44.60% compared to
untreated conditions. The leaching effect of mine water results in
coal exhibiting ductile failure characteristics. This occurs due to
the physical and chemical interactions among various substances
within the mine water immersion environment, which compro-
mise the structural integrity of the coal. The leaching effect in-
creases coal porosity and the formation of fractures, leading to a
significant number of micropores and small voids, with their
formation rate exceeding the rate of transformation into meso-
pores and macropores. This results in the development of frag-
mented structures within the coal, and as the duration of mine
water action increases, the connections between these frag-
mented structures form interconnected zones of pores and frac-
tures. Ultimately, these fragmented structures and
interconnected zones severely weaken the coal's bearing
capacity.

(2) Under the influence of mine water immersion, the Brazilian
splitting strength (BSS) values at bedding angles (θ) of 0◦, 15◦,
30◦, 45◦, 60◦, 75◦, and 90◦ are 0.36, 0.43, 0.58, 0.31, 0.47, 0.69,
and 0.76 MPa, respectively. Within the range of 0◦ ≤ θ ≤ 90◦, the
BSS, splitting modulus (Em), and absorbed energy (Ua) reach their
maximum at θ = 90◦. Conversely, at θ = 45◦, these mechanical
parameters are minimized due to the activation of layer shear
fracture. The mechanical properties of coal exhibit a similar trend
with changes in loading type, irrespective of mine water im-
mersion effects. The relative proportion of failure mechanisms
occurring along and across the bedding plane directly determines
the mechanical properties of coal at different θ values. A greater
occurrence of failure mechanisms along the bedding plane results
in weaker mechanical properties, while mechanisms that break
through the bedding plane enhance the mechanical properties of
coal. Additionally, under vertical orthogonal loading, the Divider
type exhibits the highest splitting strength and strongest resis-
tance to fracture. The impact of mine water immersion on the

bedding planes and matrix of the three sample types (Splitter-
type, Arrester-type, and Diver-type) is generally consistent. These
changes are related to the mechanical structure (magnitude and
direction of stress); specifically, the mechanical structure,
bedding properties, and matrix characteristics of coal jointly
determine its failure characteristics.

(3) At loading rates of 0.005 kN/s, 0.02 kN/s, 0.05 kN/s, and 0.1 kN/
s, the Brazilian splitting strength (BSS) values were 0.49 MPa,
0.74 MPa, 0.94 MPa, and 1.06 MPa, respectively. The splitting
modulus (Em) values were 83.65 MPa, 114.86 MPa, 126.02 MPa,
and 136.07 MPa, respectively. The absorbed energy (Ua) values
were 177.59 mJ, 275.38 mJ, 365.82 mJ, and 414.00 mJ,
respectively. Notably, the different loading rates did not alter the
relative order of the mechanical properties of the three coal
sample types (Diverter-type > Arrester-type > Splitter-type). As
the loading rate increases, BSS, Em, and Ua all gradually rise,
although the increase is gentle. This is primarily because the in-
crease in loading rate shortens the time available for the devel-
opment and evolution of internal damage in coal, thereby
reducing the likelihood of activating weak structures within the
coal. Consequently, this results in greater resistance to the
propagation of fracture cracks in the direction of the applied load.

This study is highly significant for optimizing the design and eval-
uating the safe operation of coal pillars in underground water reservoirs
of coal mines.
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