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Experimental investigation into
the Impact of Cyclic High Low
Pressure Water Immersion on the
Pore structure and Mechanical
properties of coal

Pi Zikun'™, Li Rui, Wang Yan?, Xiong Jiawen?, Li Jiayi!, ZhangYifu! & Peng Bin'

The extraction of coal seams with high gas content and low permeability presents significant
challenges, particularly due to the extended period required for gas extraction to meet safety
standards and the inherently low extraction efficiency. Hydraulic fracturing technology, widely
employed in the permeability enhancement of soft and low-permeability coal seams, serves as a

key intervention. This study focuses on the high-rank raw coal from the No. 13 coal seam at Xinjing
Mine, utilizing a vacuum pressure saturation system, low-field nuclear magnetic resonance (LF-NMR)
testing, and uniaxial compression mechanical testing to investigate the changes in porosity and
connectivity of coal samples under conditions of high-pressure continuous immersion and high-low
pressure cyclicimmersion. Additionally, the uniaxial compression mechanical properties of the coal
under various experimental conditions were analyzed. The findings reveal that the porosity of coal
samples subjected to high-pressure continuous immersion and high-low pressure cyclicimmersion
initially decreases slightly before increasing as the immersion cycle progresses. The maximum porosity
enhancements observed were 1.55% and 2.93%, respectively, while the total connectivity increased by
19.07% and 24.79%, respectively. Furthermore, The peak stresses of the coal samples were found to be
1.23-1.65 times, 1.65-3.21 times, and 1.56-4.24 times greater than those of the atmospheric-pressure
continuous immersion, high-pressure continuous immersion, and high- and low-pressure cyclic
immersion samples, respectively. The cyclic application of high and low confining pressures was shown
to significantly promote the development of pore structures and enhance pore connectivity, leading to
a more pronounced deterioration in coal body strength. These results provide a theoretical foundation
and practical support for the application of hydraulic fracturing to improve permeability and the use

of water injection to suppress gas outflow in coal seams with high gas content and low permeability
within coal mines.

Keywords Cyclic high-low pressure immersion, Pore structure, Low-field nuclear magnetic resonance (LF-
NMR), Pore connectivity, Mechanical Properties

Coal, as a vital non-renewable resource, holds a significant share in the global energy mix. During mining and
transportation, most coals encounter issues related to repeated cyclic water immersion'. During the mining
of high gas content and low permeability coal seams, hydraulic fracturing technology is routinely employed
to enhance the permeability of the coal seams?. This technique involves the injection of high-pressure fluids
to create fractures within the coal, thereby facilitating gas extraction. Elastic mechanics, which pertains to the
study of stress, deformation, and displacement in elastic solids under external forces or temperature changes,
is utilized to analyze the mechanical behavior of the coal matrix®. The double effective stress theory in porous
media is applied to account for the distinct effective stresses acting within the coal’s porous structure, which is
crucial for understanding the mechanical interactions between the solid matrix and the fluid within the coal’s
pores®. Furthermore, systematic guidelines encompassing various fracture expansion modes provide a structured
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approach to studying how fractures initiate and propagate within the coal seam®. These interdisciplinary
methodologies collectively contribute to a comprehensive understanding of the coal’s mechanical properties
and the evolution of its pore structure, which are critical factors in the efficiency of mining operations and gas
recovery®. This process notably affects the mechanical properties and pore structure of coal bodies, particularly
during the extraction of high gas and low permeability coal seams and when employing hydraulic fracturing
technology to enhance coal seam permeability’. Currently, in coal mining operations, scenarios such as water
drainage from the overlying goaf®, water-retaining coal seam mining®, and water injection for fire area sealing in
the mining district™!?, also involve cyclic water immersion of coal masses. The impact of such immersion on the
coal’s mechanical properties and pore structure can lead to the development of fractures in the goaf area and an
intensification of spontaneous combustion phenomena!’12.

Coal rock, an intricate discontinuous and heterogeneous porous medium, exhibits physical and chemical
properties that are significantly influenced by water. Numerous scholars worldwide have examined the effects
of water on the physical, chemical, and mechanical characteristics of coal from various perspectives. It is widely
accepted that water exerts a lubricating'?, softening'?, and erosive!®effect on coal, leading to the expansion and
softening of saturated coal'®!, a decrease in mechanical strength'®!%, and the dissolution of inorganic minerals
and organic humic substances within the coal matrix. These processes contribute to the secondary evolution of
the coal’s pore structure?®2!,

Pi et al.?? conducted experimental research on the evolution of mesopores, macropores, and microcracks
within the coal matrix during the water immersion process. Wang et al.?* utilized three-dimensional scanning
to elucidate the impact of water immersion duration on the morphology of rock discontinuities, revealing that
immersion time significantly influences the development of these features. Wang et al.?* discovered that the
hydration of minerals can induce localized stress concentrations and that the associated swelling due to water
absorption fosters the propagation of microcracks within shale formations. Qin et al.>> employed computed
tomography (CT) scanning and three-dimensional reconstruction to investigate the mechanical damage and
pore evolution in granite subjected to cyclic water immersion, demonstrating a positive correlation between the
number of cycles and both surface and non-closed surface porosity, while observing an initial increase followed
by a decrease in closed surface porosity. Zhu et al.?® through a water-soaking and drying cycle experiment,
observed disintegration in all tested rock samples, with the conductivity of the soaking solution increasing rapidly
at first and then stabilizing over time. Li et al.”’ examined the relationship between the mechanical damage of
water-saturated granite, its water saturation level, and the distribution of thermal conductivity using optical
scanning and mechanical testing, suggesting that thermal heterogeneity within the rock is markedly reduced
upon saturation. Lu et al.?® applied an electro-hydraulic servo-controlled testing system to assess the uniaxial
compression and water absorption properties of sandstone and mudstone, determining the relationship between
their saturated water content and water temperature and finding that while water temperature inhibits water
absorption in sandstone, it enhances it in mudstone. Additionally, water immersion had no significant effect on
sandstone fracture development but promoted mudstone fracture evolution. Jia et al.? utilized nuclear magnetic
resonance (NMR) experiments to assess the distribution of bound water, capillary water, and gravitational water
within sandstone during the freezing of pore water at varying degrees of saturation. In the context of mining
high gas content and low permeability coal seams, hydraulic fracturing technology is frequently implemented
to enhance the permeability of the coal seams. A multitude of scholars globally have employed experimental
methodologies such as Nuclear Magnetic Resonance (NMR) tests, Computed Tomography (CT) scans, and
electro-hydraulic servo control tests to conduct in-depth studies on the fine structure, mechanical properties,
and thermal conductivity changes of the submerged coal body. However, there has been a relative dearth of
research focusing on the submerged pressure of the coal body, particularly the effects of high- and low-pressure
cycling.

Elevated water content and increased cycling between wet and dry conditions under various experimental
settings exert varying degrees of influence on key mechanical parameters of coal samples. These include
porosity!®3%31 elastic modulus®**?, electrical resistivity®*, uniaxial and triaxial compressive strength®*-%’, angle
of internal friction®, shear strength, cohesive force?’, and tensile strength*!*2. Yao et al.*> explored the variation
in mechanical properties of coal and rock with different moisture contents, proposing optimal dimensions
for coal pillar dams in underground reservoirs within coal mines. Zhou et al.** utilized mechanical property
and acoustic emission tests to demonstrate that the mechanical properties of coal samples are significantly
weakened with increasing water content. Zhang et al.*> employed acoustic emission testing to investigate the
damage mechanisms of coal samples under compressive stress during water immersion. Gao et al.*® conducted
studies on the mechanical characteristics of water-saturated coal, including stress-strain behavior, triaxial
compression, and responses to cyclic loading. Lai et al.*’ examined the evolutionary mechanisms of coal and
rock softening and damage from the perspective of hydro-mechanical coupling. Wang et al.*® and Li et al.*’
developed damage constitutive models based on the deformation and damage parameters of coal samples with
varying water contents. Cai et al.”® analyzed the structural damage characteristics and acoustic emission patterns
of coal samples during triaxial compression tests under saturated conditions. However, the existing literature
on submerged coal bodies predominantly focuses on the mechanical damage models associated with dry and
wet cycling. To date, scant attention has been directed towards the mechanical damage and degradation effects
induced by cyclic high- and low-pressure variations within the coal matrix.

In this study, we conducted high and low pressure cyclic water immersion experiments to investigate
the impact of such pressure cycling on the coal body’s pore structure, connectivity, and mechanical damage
characteristics. Our primary focus was on understanding how the cyclic exposure to high and low peripheral
pressures affects the coal’s pore structure and the degradation of its strength. This research aims to provide a
theoretical foundation for the drilling hydraulic fracturing of high gas and low permeability coal seams, which
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M(ad) (%)

A(ad) (%)

V(ad) (%)

FC(ad) (%)

3.43

14.22

9.78

72.57

Table 1. Results of industrial analysis for coal samples.

2.5
o
& o 9
20 Eedill e, e -9 __g-90--09 o _____ @
9209 ° %0 Rl )
é _o_o___o___e_o. _____ .e___o_o.____-O——ga_
> - ° o
5=
g
T 1.5
>
]
>
<
z
= 1.0 |
R
3
=
Eq
£05F
—
00 L 1 1 1 L 1 L 1 1 1 L 1 "
0 5 10 15 20 25 30 35

Coal sample number

Fig. 1. Initial longitudinal wave velocity of the coal samples.

is crucial for enhancing the penetration and water injection efficiency into the drilling holes, thereby inhibiting
the gas outflow from coal seams in coal mines.

Experimental materials and methods

Experimental materials and sample preparation

The experimental coal specimens were sourced from the high-rank raw coal of the No. 13 coal seam at Xinjing
Mine, characterized as a medium-ash, low-sulfur, and low-phosphorus high-rank anthracite. The industrial
analysis of these coal samples, conducted in compliance with the GB/T212-2008 standard for “Methods of
Industrial Analysis of Coal’, is detailed in Table 1.

Freshly obtained large coal samples were carefully wrapped in plastic food wrap and transported to the
laboratory. Upon arrival, the coal surface was meticulously stripped, followed by precision cutting and polishing
using a multifunctional jade carving machine to achieve a uniform dimension of 20 mm x 20 mm x 20 mm.
Only samples with a smooth surface, free from fissures, and exhibiting a regular geometric shape were selected
for subsequent experimental analysis.

Selection of coal samples

To mitigate the impact of sample-to-sample variability on the stability of subsequent experimental outcomes, a
two-step selection process was implemented. Initially, coal samples were visually inspected to confirm adherence
to standard cubic dimensions and the absence of apparent surface fissures. Subsequently, all dried specimens
underwent ultrasonic wave velocity testing using a sonic detector (RSM-SY6 model, Wuhan Zhongyan Science
and Technology Co., Ltd., China). This procedure is essential as it accounts for internal structural irregularities;
specifically, when significant voids or fissures are present within a specimen, the ultrasonic pulse must
circumnavigate these, leading to an extended propagation path and a consequent reduction in wave velocity.
The internal homogeneity assessment results for the coal samples are depicted in Fig. 1. The velocities were
predominantly found within the range of 1.767 to 2.288 km/s, with an overall average of 1.933 km/s. Specimens
exhibiting wave velocities within a narrow band of 1.933 +0.06 km/s were selected. This criterion ensures that,
macroscopically, the internal inconsistencies among samples with closely matching velocities are minimal,
thereby guaranteeing the stability and rationality of the ensuing.

Scientific Reports |

(2025) 15:1288

| https://doi.org/10.1038/s41598-025-85746-0 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

! Relief valve

Li ing tank

Vacuum gauge Pressure gauge

Saturated vessel
. -

Press machine

P PC

1
_ ! NMR tests

Manual pump

L |

» -

Fig. 2. Schematic diagram of the experimental setup.

Fig. 3. Some of the experimental coal samples and equipment.

Methodology

Experimental setup and apparatus

The experimental apparatus comprises a Newmark low-field nuclear magnetic resonance (LF-NMR) testing
system, a temperature-controlled drying unit, an acoustic emission (AE) monitoring system, a uniaxial
compression mechanical testing system, and a vacuum-assisted water saturation setup. A schematic
representation of the experimental apparatus is depicted in Figs. 2 and 3 illustrates some of the experimental
coal samples and equipment.

Experimental procedure

To elucidate the effects of cyclic high and low-pressure water immersion on the pore structure and mechanical
properties of coal, in this study, we conducted experiments simulating high and low pressure cyclic water
injection to fracture the coal body. Our focus was on assessing the influence of cyclic pressure variations on the
coal’s pore structure, connectivity, and mechanical damage characteristics. We aimed to elucidate the impact of
high and low peripheral pressure cycling on the coal body’s pore structure and the degradation of its strength.
These findings are instrumental in providing a theoretical foundation for the drilling hydraulic fracturing of
high gas and low permeability coal seams. Enhancing the penetration and water injection efficiency into the
drilling holes is crucial for mitigating gas outflow from coal seams in coal mines, thereby enhancing safety and
operational support. The process commenced with the selection of coal samples, followed by cyclic saturation at
pressures of 2.5 MPa (low pressure) and 8 MPa (high pressure)®, and subsequent testing using Nuclear Magnetic
Resonance (NMR) and Uniaxial Compressive Strength (UCS). It should be noted that, due to experimental
constraints, the NMR and UCS analyses were conducted off-site. The detailed experimental steps are as follows:

1. Coal samples were labeled (M1 to M13) and their initial masses were recorded. The pristine coal sample
(M1) was directly tested, while the remaining samples (M2 to M13) were placed in an electric heat blast
drying oven at 100 °C for 12 h to ensure thorough drying, after which their masses were re-evaluated.
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2. The dried coal samples were then placed into a vacuum-assisted saturation device, where a vacuum pressure
of —0.1 MPa was maintained for 12 h.

3. Following vacuum treatment, the samples were subjected to pressure saturation within the device at 8 MPa
for 24 h, followed by 2.5 MPa for an additional 24 h, constituting one cycle of high and low-pressure water
immersion. This cycle was repeated four times for the samples designated as HL1 to HL4. An alternative
cycle, involving 48 h at 8 MPa, was also executed four times for the samples labeled H1 to H4. In addition,
atmospheric pressure water immersion saturation was conducted for 48 h, constituting one cycle of atmos-
pheric pressure water immersion. The experiment was repeated for a total of four cycles, corresponding to
the coal samples designated as Atm1 to Atm4, respectively.

4. After saturation, the surface moisture of the samples was carefully wiped off, and they were then subjected
to NMR testing and uniaxial compression mechanical testing. These tests provided data on the initial T2
spectra, porosity, and complete stress-strain curves under varying cyclic saturation pressures.

5. The water-saturated coal samples, under different pressure conditions, were centrifuged at 3000 rpm for
90 min to consolidate the effects of the immersion cycles.

6. Post-centrifugation, the samples were re-evaluated using NMR to ascertain the T2 spectra and porosity pa-
rameters, offering further insights into the coal’s structural integrity.

Results and discussion

Analysis of T2 spectra

Employing a porosity standard sample with the Newmark low-field Nuclear Magnetic Resonance (LF-NMR)
testing system and applying a 5-point calibration method, we established a calibration curve correlating NMR
signal intensity with porosity. The correlation coefficient (R?) of 1 demonstrates the system’s capability to
objectively and precisely measure parameters associated with the pore structure of the coal samples, as depicted
in Fig. 4.

Nuclear Magnetic Resonance (NMR) testing primarily utilizes time-domain NMR to ascertain the
distribution of signal relaxation times, thereby extracting molecular interactions as physical insights. The
experimental setup in question is designed to characterize the pore size and distribution within water-saturated
coal samples by assessing the transverse relaxation time (72) distribution of water within the coal’s pores. The
correlation between the transverse relaxation time and the pore radius of the coal samples is delineated by the

following Equation® :
1 S p
—=p(2)=Fs2 1

T2 ( 14 ) s T ( )
Where is the transverse relaxation time (ms), is the transverse surface relaxation strength (um/ms), S is the pore

surface area (um?), V is the pore volume (um?), F is the pore shape factor (spherical pore, Fg = 3, columnar pore,

F =2, and fissure, F = 1), r is the pore diameter in nanometers (nm).

Thus, the relationship between the coal sample’s pore diameter and transverse relaxation time (T,) is
delineated by the subsequent equation:

r=aol> (2)

Where « is the conversion coefficient, « = pFs.
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Fig. 4. Calibration curve of NMR signal intensity in relation to porosity.
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Fig. 5. T 2 relaxation time distribution of saturated coal samples after water immersion at atmospheric
pressure, cyclic high pressure and low pressure.

The T2 relaxation time distribution of saturated coal samples, following water immersion at atmospheric
pressure, cyclic high pressure, and low pressure, provides a comprehensive characterization of the internal pore
structure and connectivity of the coal samples. The area under the distribution curve and the horizontal axis,
along with the number and width of the peaks, serve as key parameters that delineate the distribution and
connectivity of the coal’s internal pore structure. The longitudinal relaxation time (72) is directly proportional
to the size of the internal pores, with longer T2 values indicating larger pore sizes within the coal matrix. In
comparison to the processes of high-pressure water immersion and high-low-pressure cyclic water immersion,
the porosity of coal samples subjected to one to four cycles of atmospheric pressure water immersion was found
to be 12.82%, 13.01%, 13.12%, and 13.13%, respectively. The water immersion process influences the absorption,
expansion, and softening of the coal skeleton, as well as the dissolution and precipitation of organic and inorganic
minerals within the coal, leading to a trend of decreasing and then increasing coal pore ratio. However, the
effect of atmospheric water immersion on the experimental coals was not significant, and the impact of low-
pressure water immersion on the pore size of the internal pore structure of the coal body was also found to be
non-significant. Concurrently, the effect of low-pressure water immersion on the structure of the coal body is
minimal, with changes being relatively stable and its pattern of change is fundamentally consistent with the laws
observed in previous studies??. Therefore, this study primarily discusses the effects of high-pressure and cyclic
water immersion on the structure of the coal body. The distribution curves of coal samples after saturation under
different experimental conditions are depicted in Fig. 6.

Figure 6 reveals that during both high-pressure and cyclic high-low pressure water immersion processes, the
porosity of the coal samples initially decreases slightly before increasing. The respective increases in porosity are
1.55% and 2.93%. Post the first cycle of high-pressure and cyclic high-low pressure immersion, as depicted in
Fig. 6(a) and 6(b), the original coal exhibits a higher overall porosity compared to the experimental samples. This
suggests that during the initial phase of water immersion, dissolution and precipitation of inorganic minerals,
organic matter, and fine dust particles occur, while water gradually softens the coal matrix. The high-pressure
immersion also intensifies the fracturing and compaction of the coal structure, leading to a minor reduction
in pore volume, particularly within the smaller pores. As the experimental immersion progresses, as shown
in Fig. 6(c), 6(d), 6(e), and 6(f), the coal’s pore connectivity is enhanced further due to water influence, with
some small pores transforming into medium to large pores, thus causing the porosity to follow a pattern of
initial decrease followed by an increase. The cyclic high-low pressure immersion exerts fatigue damage on the
coal structure due to the varying pressure, which, in conjunction with the softening effect of water, reduces the
stiffness and increases the plasticity of the coal samples. The static dissolution and dynamic material transport
within the coal body alter its physical and mechanical properties to some extent. Under the coupled influence of
multiple factors, the re-development of coal’s pore fractures is further facilitated, as illustrated in Fig. 6(g) and
6(h), where a minor development of macroporous structures is evident. This indicates that multiple cycles of
high-low pressure water immersion, compared to continuous high-pressure immersion, significantly enhance
the flexibility of the coal and more extensively trigger the destruction and development of pore fractures through
plastic deformation under mechanical fatigue.

Analysis of pore connectivity
The total porosity of coal includes certain enclosed pore structures within the coal matrix, which do not
adequately represent the connectivity among the various pores. Utilizing the principles of low-field nuclear
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Fig. 6. Comparative T2 relaxation time distribution of saturated coal samples following cyclic high and low
pressure immersion (Figures a through h depict the T2 relaxation profiles of samples H1, HL1, H2, HL2, H3,
HL3, H4, and HL4, respectively, compared to the control group M1, following saturated water immersion).
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magnetic resonance (LF-NMR), this study conducts an analysis of the coal’s pore connectivity under diverse
experimental conditions (P, et al., 2022). The connectivity ratio is calculated using the equation provided below:

Vi —Ve)

Oy =

3)

Where C'; ~r, is the connectivity rate for pore size [r1, r2]; V4 is the total pore volume for pore size [r1, r2]; and
V% is the closed pore volume for pore size [r1, 72].

Following regression analysis, the permeability of the coal samples was determined using a free-fluid model
suitable for the characterization of coal rock. The permeability (k) is calculated according to the subsequent
equation:

k= 0.05 x (szgm)o.235 « (%)3.365 (4)

Where k is the permeability of coal samples post-regression analysis; T3y, is the geometric mean value of T2
during the residual water state of the coal samples; ¢. is the proportion of connected pores and the effective
porosity; ;. is the proportion of closed pores and the residual porosity of the coal samples.

The connectivity of various pore segments in the coal samples under different experimental conditions is
presented in Table 2.

Table 2 indicates that the overall pore connectivity for raw coal samples is 38.07%. For coal samples subjected
to continuous high-pressure immersion, the connectivity rates for micropores range from 8.23 to 35.85%, for
small pores from 96.77 to 99.26%, for medium pores from 97.93 to 100%, and for large pores, it is consistently
100%. The total connectivity in these samples varies from 37.11 to 56.18%, marking an increase of 19.07%. In
the case of coal samples undergoing cyclic high and low-pressure immersion, the connectivity for micropores
extends from 8.11 to 40.67%, for small pores from 97.43 to 99.78%, for medium pores from 98.87 to 100%,
and for large pores, it remains at 100%. The total connectivity in these samples ranges from 37.46 to 62.25%,
reflecting an increase of 24.79%. Notably, medium and large pores exhibit the highest connectivity rates, with
large pores consistently reaching 100%.

As the immersion cycles progress and the confining pressure around the coal body increases, the total
connectivity of both continuously high-pressure soaked and cyclic high-low pressure soaked coal samples
initially decreases and then increases. This trend is primarily attributed to the initial absorption and expansion
of the coal matrix under high pressure, leading to a reduction in pore volume or blockage, and consequently, a
decrease in porosity and connectivity, most notably within the micropores. However, with ongoing immersion
cycles, the combined effects of internal dissolution, dynamic material transport, and the confining pressure of
the immersion water promote the fracturing of the coal’s pore framework. This leads to an enlargement of the
pore volume and an enhancement of connectivity.

The impact of cyclic high and low-pressure immersion on the coal body’s connectivity is significant, further
substantiating that such cyclic pressure variations have a more pronounced effect on the degradation of coal
body strength. The relationship between the total pore connectivity and permeability of the water-saturated coal
samples under various experimental conditions is depicted in Fig. 7.

As depicted in Fig. 7, the total pore connectivity in coal samples exhibits an exponential relationship
with permeability. The functional relationships for the high-pressure immersion process and the high-
low-pressure cyclic immersion process are given by the equations y = 5.634 x e0-251 35T +28.985 and
y = 2.108 x €157 + 34.982, respectively, the corresponding coefficients of determination (R?) are 0.971
and 0.848, indicating a strong correlation. The permeability of the coal samples increases with greater total
connectivity, demonstrating that the permeability of the coal is positively correlated with the connectivity of its
pore structure. This suggests that the connectivity of the coal matrix can serve as a direct indicator of the coal’s
permeability.

Connectivity rate /%
Sample Numbering | Permeability /10>’m? | <10 nm | 10~100 nm | 100~1000 nm | >1000 nm | Total connectivity rate
M1 0.1121 14.11 94.55 97.68 100 38.07
H1 0.1045 8.23 96.77 97.93 100 37.11
H2 0.1899 15.45 97.21 98.65 100 42.53
H3 0.2738 22.36 97.98 100 100 46.33
H4 0.3647 35.85 99.26 100 100 56.18
HL1 0.1116 8.11 97.43 98.87 100 37.46
HL2 0.2133 16.93 98.57 100 100 45.48
HL3 0.3534 25.88 99.05 100 100 50.37
HL4 0.4224 40.67 99.78 100 100 62.25

Table 2. Pore connectivity rates for various pore segments in coal samples under different experimental
conditions.
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Fig. 7. Correlation between total pore connectivity and permeability in coal samples across various
experimental conditions.
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Analysis of uniaxial compressive strength
Figure 8 presents the complete stress-strain curves for raw coal, high-pressure continuous immersion, and high-
and low-pressure cyclic immersion coal samples, revealing significant differences between the raw coal samples
and those subjected to various immersion conditions. The stress-strain curve of the raw coal samples exhibits a
rapid increase, with a peak stress of 19.5334 MPa, which is 1.23-1.65 times that of the peak stress observed in
coal samples under atmospheric pressure continuous immersion, 1.65-3.21 times that of the peak stress under
high-pressure continuous immersion, and 1.56-4.24 times that of the peak stress under high- and low-pressure
cyclic immersion. Within the stress-strain curves of coal samples under diverse experimental conditions, the
stress-strain rate of the coal samples increases with the increment of the water immersion cycle.

A comparative analysis of the peak stresses in the stress-strain curves of coal samples with cyclic high and low-
pressure water immersion is depicted in Fig. 9. From Fig. 9, it is evident that the peak stresses of the experimental
coal samples exhibit a progressive decrease with the increase in the water immersion cycle. Specifically, the
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Fig. 9. Comparative analysis of peak stress in full stress-strain curves for coal samples under atmospheric
pressure, cyclic high and low pressure immersion.

peak stresses of the atmospheric pressure continuous immersion coal samples were 15.9049, 14.7106, 12.7491,
and 11.8512 MPa, representing reductions of 18.5755%, 24.6898%, and 34.7321%, respectively, compared to
the original coal samples. The peak stresses of the high-pressure continuous flooding samples were 11.8104,
9.0814, 7.9265, and 6.0892 MPa, which are 39.5372%, 53.5086%, 59.4207%, and 68.8265% lower than those of
the original coal samples, respectively. The peak stresses of the high- and low-pressure cyclic flooding samples
were 12.5028, 9.0104, 6.6606, and 6.6606 MPa, which are 35.9927%, 53.8717%, 66.1407%, and 76.4356% lower
than those of the original coal samples, respectively.

During the initial stages of immersion, the peak stress of high and low-pressure cyclic immersion was greater
than that of high-pressure continuous immersion. However, with the increase in the immersion cycle, the peak
stress of high-pressure continuous immersion gradually became larger than that of high and low-pressure cyclic
immersion. This indicates that the fatigue damage effect of high and low-pressure cyclic immersion is more
pronounced than that of the high-pressure continuous immersion process on the coal skeleton, leading to further
deterioration of the coal body’s strength. The peak stress of the original coal samples decreased by 35.9927%,
53.8717%, 66.1407%, and 76.4356%, respectively, compared to the atmospheric pressure immersion samples.
The peak stress of the original coal samples is only 1.23-1.65 times that of the atmospheric-pressure immersion
samples, suggesting that atmospheric-pressure immersion has a certain softening degradation effect on the coal
body, but the degree of degradation is limited. This further confirms that high and low-pressure cyclic action
significantly affects the fatigue damage of the coal body, which has a positive impact on the enhancement of coal
seam penetration and coal seam gas extraction.

This trend suggests that the cyclic high-low-pressure immersion process induces more pronounced fatigue
damage to the coal matrix, leading to a more significant degradation of coal strength. Such effects may have
positive implications for enhancing coal seam permeability and facilitating coalbed methane extraction.

The calculations for the modulus of elasticity and the strain softening modulus of the coal samples are
presented by the following equations:
g2 — 01

E, = (5)

E2 —€&1

Where E; is the calculation of the elastic (strain softening) modulus (MPa), o1 and o2 are the elastic modulus
and the strain softening modulus correspond to the initial and final stress values in the linear phase, respectively
(MPa), €1 and €3 are the respective values refer to the initial and final strain values at the beginning and end of
the linear phase.

Figure 10 delineates the influence of atmospheric pressure immersion and cyclic high and low-
pressure immersion on the elastic modulus of coal samples. As inferred from Fig. 10, it is evident that the
increment in the number of immersion cycles significantly affects the elastic modulus of the experimental
coal samples, with a negative exponential relationship observed. The relationship between the number
of immersion cycles and the elastic modulus of the coal body for atmospheric pressure immersion, high-
pressure continuous immersion, and high- and low-pressure cyclic immersion can be characterized by the
following functions, respectively: y = 1540.734 x e0871 4 1145.911, y = 1816.285 X €961 + 655.338

—x

and y = 3293.669 x e0917 4 408.058,
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Fig. 10. Comparative analysis of elastic modulus for coal samples under atmospheric pressure, cyclic high and
low pressure immersion.

the correlation coefficients (R?) were determined to be 0.999, 0.999, and 0.996, respectively, indicating a very
strong fit between the variables being studied. It is observed that with an increase in the cycle of water immersion,
the elastic modulus of the coal body exhibits a significant negative exponential decline. This suggests that the
degradation of the coal body skeleton due to water immersion is somewhat limited under atmospheric pressure,
resulting in a relatively minor impact on the elastic modulus of the experimental coal body, with a reduction
of only 28.591%. In contrast, the cyclic high and low-pressure water immersion has a more pronounced effect
on the elastic modulus of the coal body, with reductions of 47.257% and 71.579%, respectively. This indicates
that the weakening effect on the modulus of elasticity of the coal body is more substantial than that of high-
pressure continuous water immersion, which saw decreases of 47.257% and 71.579%, respectively. The results
are consistent with the full stress-strain peak stress comparison structure of the cyclic high- and low-pressure
waterlogged coal samples. This further suggests that the water immersion process has effects of lubrication,
softening, and scouring of inorganic minerals, organic matter, and structural surfaces within the coal body,
leading to further deterioration of the skeletal structure of the coal body and a decrease in the mechanical
properties of the coal and rock body. High-pressure continuous water immersion and high-low-pressure cyclic
water immersion processes cause deformation and destruction of the coal body’s skeletal structure under
pressure, leading to a redevelopment of the coal body’s pore structure, with the deterioration being more
significant in the high-low-pressure cyclic water immersion process.

Damage mechanisms of coal bodies Induced by circulating high- and low-pressure leaching
water

Coal body strength is influenced by a multitude of factors, including internal particle size, pore and cleavage
structure, mineral composition, and the surrounding environment, all of which exhibit characteristics of random
variables. Consequently, the strength of coal bodies subjected to cyclic high and low-pressure water immersion
experiments adheres to the Weibull analytical law, a statistical model widely recognized for its ability to describe
the strength distribution of materials®'. The probability density function (PDF) that describes this distribution is
given by the Weibull distribution formula:

p(e) = F ()" ewl=(5)"] ©)

Where m is the response characteristic of the coal-rock body to the external load; F is the characterization
parameter of the Weibull distribution, and ¢ is the stress variable of the coal body.

The experimental coal body, when subjected to cyclic high and low-pressure water immersion, experiences
gradual deformation and damage at the micro-element level. This damage can be effectively characterized by
statistical damage variables. The evolution equation of the statistical damage for the experimental coal body is
as follows:

D=1 expl~(5)"] @)

Where D is the degree of damage within the experimental coal body.
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Coal, as a complex porous medium characterized by high heterogeneity and anisotropy, exhibits variations in
the internal expansion rates of coal particles following water immersion®2. These variations can lead to differential
expansion, potentially inducing shear and tensile stresses between adjacent coal particles. The coeflicients of
water-absorption and expansion () may also vary among neighboring coal particles, further complicating the
stress distribution within the coal body. The expansion stress (o), which arises from this differential expansion,
can be quantified using the following equation:

os=a-(f1—p2) Vs (8)

Where « is the stress conversion factor caused by expansion; B, and f3, are the expansion coefficients of
neighboring coal particles and 8, > 8,; V; is the amount of liquid absorbed by the experimental coal body under
pressure p, calculated as follows:

Vi=8-¢-Vi )

Where V; is the amount of liquid absorbed by the experimental coal body under pressure p, m?; S is the saturation
degree of the experimental coal body, %; ¢ is the porosity of the experimental coal body, %; V; is the total volume
of the experimental coal body, m®.

By substituting Eq. (9) into Eq. (8), we obtain the following result:

os=a-(f1—P2)- S ¢V (10)

In accordance with Griffiths criterion for material fracture®, the tensile stress (o¢r) necessary to initiate a new
crack surface in an experimental coal body after undergoing n cycles of high and low pressure immersion is
given by:

2vEn (11)
wC

Otn =

Where, 7 is the surface energy of the experimental coal body per unit length of the cleft, ]/m? E,, is the modulus
of elasticity of the experimental coal sample after n times of high and low pressure cycles of water immersion,
MPa; C is half of the length of the cleft, m.

The experimental coal body, when subjected to cyclic high and low-pressure water immersion, experiences
progressive fatigue damage to its skeletal structure. Consequently, the elastic modulus (£, ) of the experimental
coal body decreases with an increasing number of water immersion cycles. Drawing upon damage theory?, the
elastic modulus of the coal after # cycles of high- and low-pressure cyclic water immersion can be determined
using the following formula:

E, = Eo(1 — D) (12)

Where Ej is the initial modulus of elasticity, MPa.
Substituting Eqgs. (6) and (12) into Eq. (11) yields:

- \/2on ex:é—(%)m] (13)

It has been observed that as the number of high and low pressure cyclic water immersions on experimental
coal samples increases, the tensile stress required to initiate new fissures within the coal body progressively
diminishes. Upon completion of n cycles of such immersion, os > 0¢n, the formation of new fissures within
the coal body is anticipated, with the potential for existing pores and fissures to interconnect. Concurrently,
the cyclic high- and low-pressure water immersion process may facilitate the dissolution or removal of organic
and inorganic minerals from within the coal body’s pore space, thereby promoting porosity development. The
experimental data presented in Table 2; Fig. 9 corroborate these findings, demonstrating the evolution of coal
body integrity under cyclic water immersion conditions.

Conclusion

This study investigates the impact of cyclic high and low-pressure water immersion on the pore structure of coal
using low-field nuclear magnetic resonance (LF-NMR) and uniaxial compressive strength testing. The principal
findings are summarized as follows:

1. Relative to the original coal samples, the porosity of samples subjected to normal pressure continuous im-
mersion, high pressure continuous immersion, and high and low pressure cyclic immersion exhibited a mi-
nor decrease followed by an increase with the progression of immersion cycles. The porosity values for these
samples ranged from 12.82 to 13.13%, 12.60-14.45%, and 12.70-15.83%, respectively, with maximum in-
creases of 0.31%, 1.55%, and 2.93%. The impact under atmospheric pressure immersion was not significant.
However, compared to high pressure continuous immersion, the cyclic high and low peripheral pressure
action had a more pronounced effect on the fatigue damage to the coal body skeleton. In the context of water
immersion, the effect was not markedly different, but the fatigue damage induced by the cyclic action of high
and low peripheral pressure on the coal body skeleton was more substantial. This damage further reduced the
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stiffness of the coal samples, enhanced the plasticity of the coal samples, increased the flexibility of the coal
body, and triggered a more extensive destruction and development of the pore fissures through the mechan-
ical fatigue action associated with plastic deformation.

The water immersion process significantly improved the pore connectivity of the coal samples. The total pore
connectivity for samples under high-pressure continuous and high-low-pressure cyclic water immersion
increased by 19.07% and 24.79%, respectively. The cyclic pressure variation was more effective in promoting
pore structure development and connectivity, leading to a more pronounced degradation in coal strength.
The total pore connectivity of both high-pressure and high-low-pressure immersed coal samples correlated
exponentially with permeability, indicating that coal body connectivity directly reflects permeability.

It has been observed that the peak stresses of raw coal samples are significantly higher than those of sam-
ples subjected to different immersion conditions. Specifically, the peak stresses of the raw coal samples are
1.23-1.65 times, 1.65-3.21 times, and 1.56-4.24 times greater than those of samples under atmospheric
pressure continuous immersion, high-pressure continuous immersion, and high and low-pressure cyclic im-
mersion, respectively. With an increasing number of immersion cycles, there is a continuous decrease in the
peak stress of the experimental coal samples. The cyclic high and low-pressure immersion process exerts a
more pronounced fatigue damage effect on the coal body skeleton compared to the high-pressure continuous
immersion process. This differential effect is further emphasized by the negative exponential relationship
between the soaking cycles of atmospheric pressure continuous immersion, high-pressure continuous im-
mersion, and high and low-pressure cyclic immersion with the elastic modulus of the coal body. Notably, the
cyclic high and low-pressure immersion has a more significant impact on the weakening of the coal body’s
elastic modulus than the high-pressure continuous immersion. The results are similar to the full stress-strain
peak stress comparison structure of cyclic high and low pressure immersion coal samples.

A comprehensive mechanism of damage to the coal body due to cyclic high- and low-pressure water immer-
sion has been proposed, which elucidates and substantiates the secondary development of pore and fissure
structures and the mechanical deterioration observed in experimental studies. In the context of drilling
hydraulic fracturing operations aimed at enhancing penetration and inhibiting gas outflow from coal beds,
particularly in high gas and low permeability coal mines, the impact of water pressure on the coal body’s pore
structure and its connectivity must be taken into account. The cyclic high- and low-pressure immersion has
been found to be more efficient and significant in weakening the coal body’s elastic modulus and affecting
its pore structure and connectivity compared to sustained high-pressure conditions. This understanding is
crucial for optimizing drilling practices and enhancing gas extraction efficiency in coal seams with low per-
meability.
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