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Effect of immersion height on coal
mechanical properties and the
mechanism of damage failure

Xiaobin Li?, Yulin Hu?*?, Yong Zhang?, Fanjie Kong? & Weizhi Wang?

The western region of China is characterized by abundant coal resources but scarce water resources,
and underground reservoir systems have been proposed to mitigate this mismatch. However,

during the operation of these reservoirs, fluctuating water levels cause coal pillar dams to be prone

to damage due to the combined effects of in-situ stress and water immersion. In this study, cyclic
loading-unloading experiments and nuclear magnetic resonance tests were performed on coal
samples with varying immersion heights to investigate their mechanical behavior. The results showed
that immersion leads to the mechanical properties exhibiting a trend of “short-term strengthening
followed by significant weakening”. Unsoaked coal samples exhibited brittle characteristics, while
immersed samples showed ductile behavior, with stress fluctuations after reaching peak load. Pore
structure analysis revealed that higher immersion heights caused significant damage, with micropores
evolving into mesopores and macropores, weakening the mechanical strength of the coal samples.
The interaction between water and coal revealed a “compaction strengthening—damage softening”
mechanism: at lower immersion heights, water infiltration created micropores that buffered external
loads, resulting in compaction strengthening. At higher immersion levels, however, deeper water
penetration triggered physicochemical interactions, generating macropores and microcracks that
reduced mechanical strength. This study provides both macroscopic deformation-failure analysis and
microscopic mechanistic insights into water-induced damage, aiming to enhance the stability and
safety of coal pillar dams in underground reservoir systems.

Keywords Underground reservoir, Coal pillar dam, Mechanical properties, Pore size distribution, Water
immersion effect

Coal will remain the critical source of energy in China for a long time!. The coal-rich yet water-scarce mining
regions of western China face a critical challenge of balancing the spatial distribution of these two vital resources?,
directly impacting sustainable coal resource development in the region?. Underground reservoir systems have
emerged as a solution by facilitating water recycling and reuse, thereby enabling effective protection and utilization
of water resources’. In coal mining, coal pillars are retained to support overlying strata and prevent mine shafts
or underground tunnels induced by goaf formation. The stability of coal pillar dams constitutes a key factor in
ensuring both safety and structural integrity of underground water storage systems®”’.

When coal pillar dams are exposed to underground reservoirs, they experience combined stress fields and
water immersion, leading to alterations in mechanical strength and internal structure. Under stress-seepage
coupling effects, coal pillar dams become increasingly prone to failure, potentially culminating in collapse®®.
Water significantly modulates rock deformation behavior, where reduced water content suppresses expansion
and microcrack formation!®. Numerous studies have explored the effects of factors such as wet-dry cycles,
water content, and immersion time on rock deformation. It has been found that the number of wet-dry cycles
significantly affects the water absorption of coal samples, with physical and chemical interactions between water
and coal forming new pores during the process!!. As the number of wet-dry cycles increases, water content
initially rises rapidly before stabilizing!>!®. Moreover, increasing water content enhances the plasticity of coal
rocks'®'®, with elastic modulus, cohesion, and internal friction angle all decreasing as water content rises'®°.
Coal pillars are immersed in reservoirs for long periods, and the duration of immersion is also one of the key
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Fig. 1. Coal samples preparation.

No. P-wave velocity | No. P-wave velocity
UCT-1 1.99 UCT-2 | 1.92
H-00-M | 2.00 H-00-N | 2.08
H-25-M | 2.02 H-25-N | 1.95
H-50-M | 1.92 H-50-N | 1.98
H-75-M | 2.09 H-75-N | 2.01

Table 1. Samples selection.

factors affecting the deformation of the coal body. Prolonged immersion increases the porosity of coal samples,
further weakening their mechanical properties?.

Regarding the stability study of water in coal mine underground reservoirs, scholars have conducted a
substantial amount of research mainly by means of numerical simulation, and have obtained abundant results.
By developing a numerical model of coupled flow-solidity of coal mine underground reservoir under mining
water flooding, the instability characteristics of coal pillar dams at the engineering scale were investigated,
and the progressive damage mechanism of water on coal pillars was revealed?!. Fracture development and
evolution within coal pillars are key factors affecting their stability?>. UDEC-based simulations demonstrate
how water saturation weakens coal pillar strength, with deterioration rates stabilizing over time under long-term
immersion®.

In summary, substantial research has been conducted on the impact of water on the mechanical properties
of coal and the stability of underground reservoirs. These studies generally confirm that water weakens coal’s
mechanical characteristics, leading to the instability of underground reservoirs. However, during the operational
lifespan of underground reservoirs, water levels are not constant?*, and the load-bearing capacity of coal pillars
varies with different immersion heights. Therefore, understanding the effects of varying water immersion heights
on the mechanical behavior of coal pillars is critical for ensuring the safe operation of underground reservoir
systems. Nevertheless, there is limited research on the impact of different immersion heights on the mechanical
properties of coal, warranting further investigation. This study explores the effects of varying immersion heights
on the strength of coal samples and analyzes the energy evolution laws. Using NMR technology, the internal
damage mechanisms of coal samples under different immersion heights are elucidated.

Materials and methods

Sample preparation

In this study, 25 cylindrical coal samples with dimensions of 50 mm(diameter)x100 mm, height were prepared,
and all sample surfaces were polished to ensure a flatness error of less than 0.02 mm (Fig. 1a). To minimize the
impact of coal sample heterogeneity on the experimental results, P-wave velocity tests were conducted on all 25
samples (Fig. 1b), from which 10 samples with similar P-wave velocities were chosen for the experiments, as shown
in Table 1. The sample numbering follows the principles below:
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@ UCT indicates coal samples used for uniaxial compression tests

® H indicates coal samples for water immersion experiments, where the numbers “00,” “25,” “50,” and “75”
represent different immersion heights. The letter “M” denotes samples used for cyclic loading-unloading
experiments, while “N” indicates samples used for nuclear magnetic resonance (NMR) testing.

Experimental methods

The experimental apparatus used in this study is the “Microcomputer-controlled electronic universal testing
machine” from the College of Aerospace Engineering at Chongqing University. This equipment primarily
consists of a microcomputer-controlled testing system and a data acquisition system (Fig. 2). It is driven by a
servo motor, which moves the crossbeam up and down through a transmission mechanism to achieve cyclic
loading and unloading. After the P-wave velocity tests, the coal samples were dried at low temperatures. Uniaxial
compressive strength (UCS) represents the maximum stress that a material can withstand under unidirectional
compressive force?>2%. Two samples were selected for uniaxial compression testing to determine the UCS of the
coal samples, providing a basis for designing the stress path for cyclic loading and unloading.

The remaining eight coal samples were subjected to different water immersion heights (0 mm for unsoaked,
25 mm, 50 mm, and 75 mm, as shown in Fig. 3a), with each group consisting of two samples. The immersion
time for all samples was 24 h. One sample from each group underwent cyclic loading-unloading tests, while the
other sample was used for NMR testing.

According to the existing research, the effect of mining disturbance caused by coal seam mining is mainly
related to the mining stress, stress amplitude, and the number of cycles?”?%. Therefore, in order to simulate the
stress state of coal pillar dams under the influence of mining disturbance, this study designs the cyclic loading
and unloading disturbance of “elevated stress level in the gradient—reduced magnitude in the gradient” as
the stress path (Fig. 3b). The purpose of this study is to investigate the mechanism of water on coal samples
under different immersion heights, in order to avoid the rapid destruction of the samples due to the high initial
loading stress which makes it difficult to identify the differences of the coal samples under different immersion
heights, this experiment was designed with an initial loading stress of 60% UCS. And the experiment proceeded
according to the following steps:

® The samples were loaded at a rate of 400 N/s to 60% of the UCS, followed by a 30-minute constant load hold.

® Cyclic loading-unloading with decreasing stress amplitude and rising stress level was performed to simulate
the stress state during mine disturbances. Ten cycles of loading and unloading were designed for each stress
level, with the loading amplitude decreasing by 1% UCS per half cycle.

® After the first stress level cycle was completed, the stress level was increased to 70% UCS, and the procedure
in step 2 was repeated.

@ The process was repeated until the coal sample failed.

The cyclic loading-unloading experiments provided the macroscopic mechanical characteristics of coal sample
failure. As coal is inherently porous, NMR technology was used to assess the internal structural damage of the
coal samples, offering a more comprehensive understanding of the damage mechanisms under varying water
immersion heights. The NMR tests were conducted using the MacroMR12-150H-I low-field nuclear magnetic
resonance device, manufactured by Niumag Corporation (Fig. 3¢c). The permanent magnet has a magnetic
induction intensity of 0.3 +0.05 T, and the proton resonance frequency is 23 MHz, with the magnet being held at
a constant temperature of 32 °C. The CPMG pulse sequence was used, with NECH = 1000 and TW =1200 ms. In
NMR tests, the T, relaxation time reflects pore size information and it is positively correlated with pore diameter.
By processing the relaxation data, the T, distribution curve and the corresponding porosity components of the
coal samples were obtained. Additionally, a larger amplitude and area of peaks in the T, spectrum indicate a
greater number of pores of that size. The relationship between transverse relaxation time (T,) and pore diameter
is expressed as:
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Fig. 2. Schematic diagram of microcomputer electronic universal testing machine.
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where T is the relaxation time, p , is the surface relaxivity, % is the specific surface area, F is a geometric
factor, and r is the characteristic pore size.

Data analysis methods
(1) Calculation of general mechanical parameters.

The loading modulus (LM) reflects the stiffness of the material during loading, while the unloading modulus
(UM) indicates its recovery ability during unloading. These values are calculated using the following equations:

AO’+

B =

1 Ac, (2)
Ao _

Eu_Aé_ (3)

where Ej is the loading modulus, Ao 1 is the stress increment during loading, and A € ¢ is the strain
increment during loading; F,, is the unloading modulus, A o _ is the stress increment during unloading, and
A e _ is the strain increment during unloading.

The ratio of the loading modulus to the unloading modulus, defined as the load-unload response ratio
(LURR), represents the non-linear behavior of the material during loading and unloading:

LM
L = —_— 4
URR UM (4)
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A value close to 1 indicates good elastic recovery ability, while a value greater than 1 suggests internal damage
to the material.

(2) Calculation of energy evolution.

For analytical purposes, a loaded coal sample can be treated as a thermally and energetically isolated system
without heat or mass exchange with the environment?’. Thus, the total input energy can be divided into elastic
strain energy and dissipated strain energy (Fig. 4), which can be calculated using the following Eqs®*-:

U=U°+U*? 5)

Where,

€e
U= / o de (7)

€0
Results and discussions
Characteristics of stress-strain curves
The stress-strain curves obtained from uniaxial compression tests on coal samples are shown in Fig. 5. The
peak stress values of the coal samples were 18.74 MPa and 18.68 MPa, respectively, indicating comparable
peak strength and low strength anisotropy among the samples based on pre-test P-wave velocity screening.
This demonstrates that the coal samples are relatively homogeneous, minimizing experimental variability. The
average peak stress of the two samples was 18.71 MPa, which served as the basis for designing the stress path for
the cyclic loading-unloading experiments.

The stress-strain curves of coal samples under different water immersion heights are presented in Fig. 6.
Based on the slope variations of the stress-strain curves before the peak stress, three distinct stages can be
identified: compaction, elastic deformation, and crack propagation®!. In the compaction stage, the curve exhibits
a concave upward trend, reflecting pore compression under external load. Notably, the coal sample at the 25 mm
immersion height displayed the longest compaction stage duration. In the elastic deformation stage, the stress-
strain curve is approximately linear. In the crack propagation stage, a pronounced hysteresis loop emerges
accompanied by crack extension and new fracture formation. Upon reaching the peak stress, the coal sample
experiences a rapid decrease in stress, indicating structural failure.

Water exerts a softening effect on coal, inducing more plastic behavior®. As illustrated in Fig. 6, the stress-
strain curve of unsoaked coal remains continuous before the peak stress. Upon reaching peak strength, its
bearing capacity rapidly declines, characterizing brittle failure. Conversely, immersed coal samples demonstrate
post-peak stress fluctuations with residual bearing capacity, exhibiting a ductile failure process marked by
sequential stress surges and drops.

Loading curve

80 ge g

Fig. 4. Schematic diagram of energy calculation for cyclic loading and unloading.
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Fig. 5. Stress-strain curves under uniaxial compression.

Deformation and failure characteristics

The peak load and the peak strain

Peak stress represents the maximum load-bearing capacity of a material during deformation. Peak strain
corresponds to the materials deformation at peak stress, quantifying its ductility under ultimate loading
conditions.

As shown in Fig. 7, the peak stress of coal samples under different immersion heights exhibits a “slight
increase followed by continuous decrease” pattern, while the peak strain shows little variation with immersion
height. At low immersion heights, water penetration increases the porosity in the lower part of the coal sample,
enabling it to absorb more external energy during the compaction stage. This leads to a slight increase in peak
stress compared to the unsoaked samples. However, elevated immersion heights intensify water-induced
softening, weakening interparticle cohesion and inducing progressive degradation of mechanical strength, as

evidenced by declining peak stress®.

Loading modulus, unloading modulus, and load-unload response ratio

The trends in LM, UM, and LURR across immersion heights are shown in Fig. 8. Each step represents a cycle of
ten loading-unloading events, with axial load incrementally increased between steps. The experimental results
indicate that the samples failed after 40 cycles for unsoaked, 25 mm, and 50 mm immersion heights, while the
sample at 75 mm immersion height failed after 20 cycles.

For all immersion heights, the loading modulus initially increases then decreases cyclically. Similarly, the
unloading modulus follows an identical trend. Interestingly, a significant increase in the unloading modulus
is observed during the transition from the first to the second loading-unloading cycle of each step. This occurs
because the coal samples experience large plastic deformation under a compressive load higher than the pre-
hold stress, weakening their recovery capacity. LURR values approaching 1 in the early step cycles indicate
minimal internal damage, signifying preserved structural integrity and mechanical performance. Conversely,
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Fig. 6. Cyclic loading-unloading stress-strain curves.

LURR values exceeding 1 in the later cycles suggest that microcracks or other forms of damage have begun to
accumulate, causing irreversible deformation.

Irreversible strain

Irreversible strain refers to the permanent deformation accumulated when a material experiences stresses
exceeding its elastic limit*. To quantify the contribution of each cycle to overall irreversible deformation,
we define the Damage Contribution (DC) as the ratio of the cumulative irreversible strain per cycle to total
irreversible strain. By analysing the DC, the influence of distinct loading stages on the overall damage progression
can be elucidated, thereby revealing the damage evolution laws of coal samples during stressing®>*. DC is a
normalized parameter ranging from 0 (indicating no damage) to 1 (representing complete failure).

The damage contribution of coal samples under varying immersion heights is shown in Fig. 9. For unsoaked
and 25 mm immersion height samples, the DC shows an “initial increase followed by decline” pattern with the
progressive cyclic loading-unloading. In contrast, 50 mm and 75 mm immersion height samples demonstrate
continuously increasing DC throughout cycling. This implies water-induced degradation reduces load-bearing
capacity, rendering samples increasingly susceptible to damage.

Cumulative irreversible strain corresponds to the total permanent deformation progressively accumulated
during successive loading-unloading cycles. As shown in Fig. 10, the cumulative irreversible strain exhibits
a positive correlation with immersion height, where the curve slope quantifies the rate of irreversible strain
accumulation. The final loading cycle in each immersion height test exhibits the highest rate of irreversible strain
accumulation, demonstrating that accelerate damage precipitates structural failure in coal samples.

Energy evolution characteristics

Analyzing energy evolution during stressing enables deeper insights into internal energy accumulation and
release process in coal under stress, which can help elucidate the mechanisms of damage accumulation and
microcrack propagation.

Scientific Reports |

(2025) 15:18153 | https://doi.org/10.1038/s41598-025-97158-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

60

i
-

+~
<

Peak load (kN)

o
o

o

0

0.05

0.028 0.026 0.0255
d— > T 0.0218 ]
="’ o —— 9
— 1 :
Pesklnd 23000
—@— Peak strain

4 -0.05

Peak strain

S8 1 010

-0.15

Unsoaked 25 50 75

Height of immersion (mm)

Fig. 7. Evolution of peak strength and peak strain under different water immersion heights.

As shown in Fig. 11a, the total input energy of the coal samples under different immersion heights exhibits
comparable trends. Within each stress step, the total input energy progressively declines with increasing cycle
count. Furthermore, first-cycle total input energy rises incrementally with ascending stress levels. Notably,
unsoaked and 25 mm immersion height samples persistently demonstrate elevated total input energy, suggesting
reduced damage accumulation and superior energy absorption capacity under these conditions.

As shown in Figs. 11b and ¢, the elastic energy and dissipated energy for coal samples under different
immersion heights display similar trends. The elastic energy mirrors the trend of total input energy and
consistently exceeds the dissipated energy magnitude. This indicates that elastic deformation is the primary form
of energy storage during cyclic loading-unloading, with coal samples immersed at 25 mm and unsoaked samples
showing higher elastic energy, reflecting better structural integrity and energy storage capacity. The dissipated
energy shows little change in magnitude as the number of cycles increases and remains relatively low, indicating
that elastic deformation dominates the energy storage throughout the loading-unloading process.

T, relaxation time evolution characteristics

In NMR T, spectra, the signal amplitude represents the intensity of the NMR signal, which is related to hydrogen
proton density across different pore scales in the coal samples’. Specifically, the amplitude quantifies water
content within specific pore size ranges. The T, spectra of coal samples at different immersion heights showed
a “bimodal” distribution, with peaks localized at the range of 0.1-1ms(short relaxation time) and around 10ms,
(long relaxation time). The peak of short relaxation time (0.1-1ms) usually corresponds to the water content in
small pores, while the peak of long relaxation time (10ms) reflects the water content in large pores. As can be
seen from Fig. 12, the peak of the short relaxation time is larger, which indicates that the micropores account
for a higher percentage inside the coal samples. With the increase of the immersion height, the peak value of the
long relaxation time gradually increases, which indicates that the pore size of the micropores gradually increases
and expands to form medium and large pores.
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Fig. 8. Evolution of LM, UM, LURR under different immersion heights.

Pore size evolution characteristics

The classification method proposed by Xogot B.B. is commonly used to study the internal pore characteristics
of coal®®. Based on this method, pores with diameters between 0 and 100 nm are classified as micropores, those
between 100 and 1000 nm as mesopores, and those larger than 1000 nm as macropores and microfractures.
The pore size distribution of coal samples under different immersion heights is shown in Fig. 13. The results
indicate that micropores dominate the pore structure in all coal samples. As the immersion height increases,
the proportion of micropores decreases and stabilizes, while the number of mesopores increases. When the
immersion height exceeds 25 mm, a small number of macropores and microfractures begin to form in the
immersed coal samples. When the immersion height exceeds 50 mm, further structural damage occurs,
leading to the formation of macropores and microfractures. These observations demonstrate water infiltration
progressively degrades pore architecture by enlarging and interconnecting micropores into mesopores and
macropores, with severe structural collapse occurring beyond 50 mm immersion height.

The compaction strengthening—damage softening competitive mechanism

Previous studies have predominantly investigated water-saturated coal failure mechanisms under uniaxial
compression, emphasizing the reduction in mechanical strength caused by water. While these findings are
critical for explaining water degradation effects, static loading conditions typically involve low loading rates
where inertial effects are neglected®®. However, dynamic loading scenarios (e.g., mining disturbances) exhibit
fundamentally different damage mechanisms, particularly when coupled with water infiltration. Among various
loading modes, cyclic loading-unloading represents a critical engineering condition where crack initiation-
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propagation progressively degrades coal's mechanical properties, ultimately leading to structural failure.
Understanding these processes is therefore essential for ensuring coal structure stability’.

As shown in Fig. 14, the water immersion process of coal samples is divided into three stages: low immersion
height, medium immersion height, and high immersion height. At low immersion heights, the contact area
between the coal and water is small, resulting in minimal degradation effects on the coal. At this stage, water
infiltration into the coal sample occurs slowly, with limited damage. Combining the NMR results from Sect. 3.4.1
and 3.4.2, the infiltration of water molecules causes the formation of micropores at the base of the coal sample.
When an external load is applied, the compaction stage of the stress-strain curve (Fig. 5) is prolonged, enhancing
the load-bearing capacity of the coal. This confirms the previous observation in Sect. 3.1 that the compaction
stage is longest for coal samples immersed at 25 mm. In this stage, water strengthens the coal sample, and brittle
deformation is the dominant failure mode, reflecting the “compaction strengthening” effect of water.

As the immersion height increases, the contact area between the coal and water grows, allowing more water
molecules to penetrate the coal. Hydrophilic materials within the coal undergo physicochemical interactions
with water, leading to phenomena such as displacement, dissolution, and ion exchange. The microstructure of
the coal changes, with internal particles becoming smoother and reducing the friction coefficient, which in turn
lowers the adhesion strength between particles and reduces the resistance to crack propagation®!. The NMR
results in Sect. 3.4.2 show that the pore structure evolves, with micropores expanding and connecting to form
mesopores and macropores. Microstructurally, this manifests as the generation of numerous micropores and the
appearance of macropores. The coal sample begins to accumulate damage.

When a significant portion of the coal sample is submerged, a large number of macropores and microcracks
develop. In addition to the above phenomena, compressive stress exerted externally causes further compaction
of internal pores, while the expansive effect of water increases the internal stress of the coal, leading to an increase
in pore water pressure. According to the effective stress principle (Eq. 8), the increase in pore water pressure
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causes the effective stresses in the coal sample (the stresses that carry the skeleton of the coal) to decline, which
in turn causes the internal structural strength of the coal body to decrease.

o' =0 —u ®)

where o’ is the effective stress, Pa; o is the total stress, Pa; and w is the pore water pressure, Pa.

Meanwhile, according to the Moore-Cullen damage criterion*? (Eq. 9), when the pore water pressure
increases, the shear strength of the coal body is reduced due to the decrease in the effective positive stress, which
makes the coal more susceptible to slip or destabilisation along the weak surfaces** (e.g., laminar and fissure
surfaces).

T =c+ o' tan® )

where 7 is the shear stress, Pa; c is the cohesive force, Pa; o/ is the effective positive stress, Pa; & is the friction
angle, °.

This stage reflects the degradation of coal’s mechanical properties, with ductile deformation becoming
the dominant failure mode. Based on these observations, this study proposes the competitive mechanism of
“compaction strengthening - damage softening” due to water immersion.

The revealed “compaction strengthening-damage softening” mechanism offers theoretical insights for
adaptive safety management of coal pillar dams. Under low water immersion conditions, localized moisture
infiltration may temporarily enhance deformation resistance by densifying the coal’s microstructure. This
phenomenon suggests that controlled water injection strategies could be designed to activate self-reinforcing
potential in specific zones, guided by real-time monitoring systems tracking moisture distribution—particularly
beneficial for stabilizing coal pillars in shallow aquiferous roadways. Conversely, under high immersion
scenarios, water-rock interaction-driven damage accumulation progressively compromises structural integrity,
necessitating focused monitoring of immersion boundary expansion and risk-aware reinforcement planning to
prevent sudden failures*.
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A lifecycle “warning-response” management framework is proposed based on the phased characteristics of
the mechanism. In low-risk stages, the self-reinforcing properties of coal can be leveraged through periodic
inspections and localized humidity control. For medium-to-high-risk stages, an adaptive protection system
should be implemented, including hydrophobic barriers to decelerate water ingress in active zones and non-
destructive techniques to detect early damage signals, enabling tiered mitigation actions. This approach prioritizes
“preventive monitoring and dynamic intervention,” balancing safety requirements with cost efficiency.

Conclusions

This study systematically investigated water-induced damage mechanisms in coal under varying immersion
heights through cyclic loading-unloading tests coupled with nuclear magnetic resonance (NMR) analysis. Three
key aspects were explored: mechanical parameter evolution, energy transformation characteristics, and pore
structure modification. The revealed “compaction strengthening-damage softening” mechanism demonstrates
immersion-height-dependent water effects on coal behavior. Key findings include:

(1) After immersion, coal samples exhibit stress fluctuations after reaching the peak load, with multiple stress
rises and drops, reflecting ductile behavior. The peak load increases slightly and then decrease as immer-
sion height increases. Cumulative irreversible strain also increases with immersion height due to damage
accumulation. Both LM and UM at different immersion heights show a “rising-declining” trend within the
step unit, and by analysing the LURR, irreversible deformation mainly occurs in the later cycles of each step
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Fig. 12. T, spectrum distribution curves of coal samples under varying immersion heights.

unit. The evolution of elastic strain energy follows the same trend as total input energy and remains higher
than dissipated energy throughout the loading-unloading process.

(2) The T, spectra of coal samples at different immersion heights exhibit a “bimodal” distribution, with peaks
located around 0.1-1 ms and 10 ms. As immersion height increases, the amplitude and area of the T,
spectra gradually increase, indicating that water infiltrates and damages the coal pore structure. The pore
structure of coal samples is primarily composed of micropores. As immersion height increases, micropores
expand into mesopores and macropores, with higher immersion heights showing more pronounced dam-
age.

(3) At low immersion heights, small pores form in the coal sample, prolonging the compaction stage and
enhancing the load-bearing capacity, reflecting the “compaction strengthening” effect of water. When the
immersion height is large, on the one hand, the physiochemical interaction between coal and water leads to
the creation of mesopores and macropores inside the coal samples. On the other hand, the pore water pres-
sure of the coal sample increases, which makes its internal structural strength and shear strength decrease.
This is manifested as the damage softening effect of water on the coal sample.

The findings emphasize the profound impact of hydro-mechanical coupling on the long-term stability of coal
pillar dams, particularly under water immersion height-dependent damage mechanisms. While this study
systematically revealed how immersion height governs coal degradation, practical mining environments
face multifaceted challenges from coupled thermal-hydro-mechanical-chemical interactions involving water
temperature, immersion duration, hydrodynamic pressure, and cyclic stresses. Future research should prioritize
quantifying these multiphysics synergies to establish multiscale damage ontology models that integrate real-
time IoT-based monitoring, machine learning-driven instability prediction, and hydro-mechanical coupling
simulations. By translating mechanistic insights into engineering logic—such as designing gradient-reinforced
layers and intelligent drainage systems—a predictive stability assessment framework can be developed,
advancing from empirical practices to data-driven health diagnostics. This approach aims to construct adaptive
risk mitigation strategies for deep mining, where dynamic conditions demand intelligent decision-making
systems that harmonize theoretical rigor with operational resilience.
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