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Abstract：Dynamic disasters are significant factors that limit the efficient and safe extraction 9 

of coal in mines. Dry-wet cycles, as a common natural phenomenon, are commonly 10 

encountered in engineering sites.To investigate the effects of dry-wet cycles on the 11 

microstructure and mechanical properties of coal seams, macro-micro experiments were 12 

conducted based on Computed Tomography (CT) three-dimensional reconstruction 13 

technology, Brunauer-Emmett-Teller (BET) nitrogen adsorption, and triaxial Hopkinson 14 

pressure bar. The impact of dry-wet cycles on the porosity structure, connectivity, 15 

deterioration mechanism, and mechanical properties of coal samples was qualitatively and 16 

quantitatively evaluated and analyzed.The results show that an increase in the number of 17 

dry-wet cycles leads to a rise in the number of coal sample pore cracks, while the 18 

connectivity, cumulative pore volume, and cumulative specific surface area first increase and 19 

then decrease. Dry-wet cycles weakened the peak strength of the coal samples, and the 20 

saturation water treatment further exacerbated the weakening effect, leading to a significant 21 

increase in the degree of coal sample damage. The weakening relationship is exponentially 22 

related to the number of cycles. The increase in pore water pressure, the reduction in shear 23 

strength, and the collapse of pore cracks, along with the dissolution of minerals, together 24 

contributed to the weakening of the coal sample’s mechanical properties.Finally, the changes 25 

in the pore structure and mechanical properties of the coal seam were simulated. This joint 26 

analysis reveals the influence of dry and wet cycles on the microstructure and mechanical 27 

properties of coal, which provides a theoretical reference for the prevention and control of 28 

dynamic disasters in coal mines. 29 
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1. Introduction 36 

As coal mining increasingly extends from shallow to deep layers, the problems of 37 

surrounding rock large deformation damage and dynamic disasters such as rock bursts during 38 

coal seam extraction in deep mines have become more prominent, making the situation 39 

increasingly severe. In the deep mining environment, the "three high" characteristics—high 40 
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ground stress, high ground temperature, and high pore pressure—are present. At the same 41 

time, strong mining-induced disturbances, intense rheological phenomena, and multi-physics 42 

field coupling occur, creating a highly challenging and complex geological and mechanical 43 

environment.[1-3].Building on this, the disturbances caused by coal seam extraction further 44 

exacerbate the complexity of the environment. Under the combined influence of these factors, 45 

significant changes occur in the stress field characteristics of deep coal seams, the fracturing 46 

properties of the coal-rock body, the movement of rock layers, and the accumulation and 47 

release patterns of energy.[4-7].In actual production processes, the natural environment in 48 

which coal seams are located is complex and variable, often affected by multiple cycles of 49 

dry-wet fluctuations, which in turn impact the microstructure of the coal-rock body and its 50 

macroscopic mechanical properties[8-14].In deep engineering, the mechanical properties of 51 

coal-rock bodies are influenced not only by their mineral composition, organizational 52 

structure, and loading conditions, but also by hydraulic factors, which cannot be overlooked. 53 

A significant body of research has revealed that water inside rocks plays a multidimensional 54 

role in the process of fracture propagation, primarily including the erosion of soluble 55 

substances within the rock, the increase in pore pressure, and the alteration of the 56 

micro-mechanism of internal fracture expansion. In deep, high-stress environments, water 57 

more easily infiltrates the pores of the coal-rock body. Therefore, research on the stability of 58 

coal-rock bodies in deep mines cannot bypass the impact of water. Continued research on the 59 

dynamic mechanical properties of coal-rock bodies under deep dry-wet cycle conditions is 60 

required, aiming to overcome the limitations of traditional mechanical property 61 

understanding in mining conditions, and to establish a new theoretical system for the 62 

mechanical properties of coal-rock bodies specifically tailored to dry-wet cycle coal seam 63 

extraction. 64 

Since the concept of water-rock interaction (including coal) was proposed in the 1950s, 65 

it has attracted widespread attention[15-19].To gain a deeper understanding of the complex 66 

mechanisms behind the decline in the mechanical properties and structural instability of 67 

coal-rock systems, investigations are conducted from multiple dimensions. On one hand, the 68 

focus is placed on the microscopic changes in water-coal interactions, utilizing advanced 69 

microscopic observation technologies in an attempt to unveil the direct principles of 70 

interaction between water and coal-rock at the molecular and atomic levels. On the other 71 

hand, uniaxial, triaxial, and loading-unloading mechanical experiments are carried out to 72 

comprehensively capture the mechanical responses of coal-rock under various loading 73 

conditions.[20-24].The research found that the influence of water on crack propagation is 74 

primarily due to the difference in pore water pressure and the changes in the "resistance 75 

force" formed during crack propagation. The weakening of the dynamic mechanical strength 76 

of rocks is closely related to water absorption rate and absorption time. Therefore, static and 77 

dynamic loading tests were conducted on coal-rock samples with different water saturation 78 

times. The results showed that both the dynamic peak strength and elastic modulus of coal 79 

samples under dynamic and static loading conditions gradually decreased with increasing 80 

water saturation time, while the dynamic elastic modulus gradually increased. This led to the 81 

derivation of a fracture strength criterion for fractured rock masses under the influence of 82 

water. These findings make an important contribution to the mining of water-bearing coal 83 

seams. 84 
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With the deepening of research, extensive experimental and numerical studies have been 85 

conducted on the degradation and damage characteristics of coal-rock under multiple wet-dry 86 

cycles, focusing on the reservoir characteristics of water-bearing coal seams after 87 

experiencing numerous wet-dry cycles. These studies have yielded abundant research 88 

results.[14,25,26]From a fine microscopic perspective, various technical methods such as 89 

scanning electron microscopy (SEM)[27,28], low-field nuclear magnetic resonance (NMR) 90 

[29-31], and industrial CT [32,33]have been employed to deeply investigate the development 91 

and propagation direction of microcracks in coal-rock, as well as the underlying microscopic 92 

reaction mechanisms. These studies further elucidate the intrinsic relationship between 93 

coal-rock porosity and water content increase, and analyze the development of pore and crack 94 

structures.The results indicate that under the influence of wet-dry cycles, phenomena such as 95 

interfacial slippage, localized contact deformation, and mineral particle damage occur within 96 

the rock. These factors collectively induce plastic deformation and initial damage. By 97 

precisely quantifying the impact mechanisms of cyclic parameters on sandstone damage 98 

using porosity and T2 spectrum variations, and qualitatively analyzing the microstructure and 99 

composition while introducing porosity parameters, the damage mechanisms of sandstone are 100 

revealed and characterized. Additionally, the evolution process of matrix particles in saturated 101 

and dried sandstone is demonstrated, ultimately leading to the construction of a W-D 102 

degradation model.Notably, through 3D reconstruction of CT scan images, precise, 103 

non-destructive detection was performed to deeply analyze the dynamic changes in 104 

parameters such as pore diameter, volume, porosity, and connectivity within sandstone. It was 105 

clearly observed that, with the gradual increase in the frequency of wet-dry cycles, the rock's 106 

porosity continuously increased, and the pore morphology became increasingly 107 

complex[34-36].In the mechanical testing phase, coal-rock subjected to wet-dry cycles 108 

exhibited a downward trend in peak strength, with key mechanical strength 109 

indices—compressive, shear, and tensile strength—all showing an inverse correlation with 110 

the number of wet-dry cycles[37].The mechanical parameters of sandstone were most 111 

significantly affected during the initial cycles, and the degradation effects induced by wet-dry 112 

cycles were observed to remain within certain limits. Using the acoustic emission (AE) 113 

system, the evolution of acoustic emission characteristic values during compression and 114 

impact loading tests under wet-dry cycles was deeply analyzed[38]Based on monitoring 115 

results and the mechanical properties of coal-rock, mathematical analysis software such as 116 

MATLAB[39,40]was employed to collaboratively explore the differential variation 117 

characteristics of coal-rock failure modes driven by different wet-dry cycle conditions. This 118 

comprehensive approach provided a full-spectrum understanding of the performance of 119 

coal-rock under the influence of wet-dry cycles. 120 

As described above, the microstructure and mechanical characteristics of coal-rock, such 121 

as porosity, permeability, peak strength, elastic modulus, and failure features, are all affected 122 

by wet-dry cycle treatment, leading to reduced coal-rock stability and inducing dynamic 123 

disasters in mines. Therefore, this study aims to investigate the effects and mechanisms of 124 

wet-dry cycles on the microstructure of coal during the wet-dry cycling process of coal seams. 125 

This is achieved through 3D reconstruction of CT scan images, combined with BET nitrogen 126 

adsorption and SEM analyses. Furthermore, based on the mining conditions of deep coal-rock 127 

subjected to pre-static three-dimensional stress and strong disturbances, triaxial Split 128 
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Hopkinson Pressure Bar (SHPB) testing equipment was used to examine the mechanical 129 

properties of coal samples under dry and saturated states after wet-dry cycling. Finally, using 130 

the geological conditions of the coal samples, a numerical model was established with 131 

COMSOL Multiphysics to simulate the microstructural changes and macroscopic mechanical 132 

behavior of coal during the wet-dry cycling process. 133 

2.Sample Preparation and Pore Characteristics 134 

2.1Sample Preparation 135 

The coal samples used in the experiment were collected from the 19# coal seam at the 136 

221908 mining face of the Shanjiaoshu Coal Mine, located 42 meters from the upper exit at a 137 

depth of 1268.3 meters. To ensure uniformity, all samples were taken from the same block of 138 

coal and subjected to longitudinal wave velocity testing prior to the experiment. Each coal 139 

sample was prepared with a height of 30 mm and a diameter of 50 mm, with end-face 140 

parallelism deviations of less than 0.02 mm. These specifications comply with the standards 141 

set by the International Society for Rock Mechanics (ISRM) for dynamic testing of rock 142 

samples. 143 

The coal samples were subjected to different numbers of wet-dry cycles and divided into 144 

four groups corresponding to 0, 3, 6, and 9 cycles. A single wet-dry cycle involved 145 

vacuum-saturating the coal samples with water for 48 hours, followed by drying in a 146 

constant-temperature oven at 35°C for 24 hours. During the saturation and drying processes, 147 

the coal samples were weighed, and the cycle was considered complete when the weight 148 

stabilized, indicating full saturation or drying. 149 

2.2Testing Methods 150 

First, the coal samples were subjected to varying numbers of wet-dry cycles in the 151 

laboratory. Industrial rock CT scanning equipment was then used to scan the coal samples, 152 

capturing their pore and crack characteristics under different cycle conditions. The 3D pore 153 

and crack structures of the coal samples were reconstructed using AVIZO software. 154 

Additionally, the microstructural changes and mechanisms were analyzed and discussed 155 

using BET nitrogen adsorption and SEM techniques. 156 

Finally, impact loading experiments were conducted using an improved Hopkinson bar 157 

system developed by China University of Mining and Technology (Beijing) to investigate the 158 

mechanical properties and failure characteristics of coal under different wet-dry cycles. The 159 

testing process is illustrated in Figure 1. 160 
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Figure 1. Schematic Diagram of Wet-Dry Cycle Coal Sample Preparation and Macro-Micro Experimental 162 

Process 163 

2.3 Pore Characteristics 164 

2.3.1 CT Scanning and 3D Reconstruction 165 

CT scanning of coal sample pores and cracks is a non-destructive testing technique that 166 

ensures the continuity of research. With high spatial resolution, it clearly displays the size 167 

distribution of pores and cracks, enabling three-dimensional visualization for a more intuitive 168 

understanding of the changes in coal sample pores and cracks under the influence of wet-dry 169 

cycles. As shown in Figure 2a, in the CT grayscale images, the coal matrix region appears 170 

gray, the mineral matrix is brighter, and the pores and cracks are darker. 171 

Currently, numerous numerical analysis software tools are available for the visualization 172 

and analysis of CT scan slices[41-43]，such as Thermo Scientific Avizo, MATLAB, MIMICS, 173 

COMSOL, and VGStudio. In this study, AVIZO software was used to perform 3D 174 

reconstruction by overlaying grayscale slice images of the coal samples. Subsequently, 175 

quantitative analysis of the pores and cracks in the coal samples was conducted to further 176 

investigate the microstructural changes in pores and cracks of coal samples subjected to 177 

wet-dry cycles.After applying pore and crack threshold processing to the CT images, errors 178 

caused by limitations of CT scanning technology were minimized. Each layer of the coal 179 

sample was subjected to 3D reconstruction and quantitative analysis. Figure 2(b) shows the 180 

pore volume fraction (porosity) variation curves for different layers of the coal samples after 181 

various wet-dry cycle counts. According to the curve distribution, the porosity of each layer 182 

gradually increases with the number of wet-dry cycles. Notably, the porosity near the surface 183 

layers—at both the beginning and end—was higher than that of other layers, with porosity 184 

gradually decreasing from the surface toward the interior of the coal sample.Figure 2(c) 185 
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demonstrates the cumulative porosity, which similarly increases as the number of wet-dry 186 

cycles grows. Through the 3D reconstruction of the overall pore and crack structures in the 187 

coal samples, as shown in the 3D models in Figure 2(d), it was observed that new pores 188 

emerged and expanded between existing pores and cracks as the number of cycles increased. 189 

The pore density rose progressively, and the number of cracks also increased, appearing more 190 

densely distributed in the 3D models with higher cycle counts. 191 

 192 

Figure 2. CT 3D Reconstruction and Quantitative Characterization of Pores and Cracks 193 
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 194 

Figure 3. CT 3D Reconstruction of Pore Density and Connectivity 195 

After conducting a quantitative analysis of the pores and cracks in coal samples 196 

subjected to wet-dry cycles, the surface area, volume, and length of the pores and throats 197 

were characterized based on the constructed 3D coal body. The results are shown in Figure 3. 198 

From Figure 3b, it can be observed that the density of the stick-ball model initially increases 199 

and then decreases as the number of wet-dry cycles increases. Figures 3(c), (d), and (e) 200 

respectively present the cumulative pore volume, cumulative pore surface area, and the 201 

quantitative characterizations of throat surface area and length. 202 

The data among these groups exhibit quadratic relationships, showing an initial increase 203 

followed by a decline with the number of cycles. This trend is attributed to the pore water 204 

pressure generated by water absorption-induced swelling during the initial wet-dry cycles, as 205 

well as the erosion caused by the flow of water molecules between pores and cracks, which 206 

further expands and connects pre-existing pores and cracks. Some closed or smaller pores are 207 

opened, leading to an increase in pore surface area, volume, and throat length. 208 

However, with further increases in the number of cycles, the coal matrix particles 209 

undergo migration and reorganization due to repeated swelling and contraction. Over time, 210 

the prolonged wet-dry cycling destabilizes the internal structure, causing some pores and 211 

throats to collapse, while the accumulation of precipitated minerals clogs pores and throats. 212 

As a result, the surface area, volume, and length of pores and throats gradually decrease. 213 

2.3.2 BET Low-Temperature Nitrogen Adsorption Test 214 

Low-temperature nitrogen adsorption (LT-N2) behavior can characterize the pore 215 

structure of coal samples without damaging their structure. This method effectively prevents 216 

the damage to coal pore structures caused by high-pressure conditions in the mercury 217 

intrusion method. 218 

As shown in Figure 4, under high pressure, nitrogen adsorption increases continuously 219 

with the number of wet-dry cycles. However, the calculations of cumulative pore volume and 220 

cumulative specific surface area reveal that when the number of cycles reaches a certain 221 
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threshold, the pore structure of the coal sample becomes unstable and collapses. During 222 

repeated wet-dry cycles, original micropores and small pores expand and fail, eventually 223 

forming smaller or even non-porous structures, resulting in a decrease in pore volume. 224 

Consequently, cumulative pore volume and cumulative specific surface area show a trend of 225 

initially increasing and then decreasing with the number of cycles. 226 

It is noteworthy that total pore volume increases with the number of wet-dry cycles. This 227 

occurs because, despite the instability and damage to the pore structure, the total number of 228 

pores created increases, and the average pore diameter decreases. This result aligns with the 229 

findings from CT 3D reconstruction. Additionally, the relationships between total pore 230 

volume, average pore diameter, and the number of cycles can be described using an 231 

exponential function (1) and a linear function (2), respectively. 232 y = 5.503e(−x 2.409⁄ ) + 4.133，R2 = 0.99                                    ( 1 ) 233 y = 0.0134 + 0.00142x，R2 = 0.96                                        ( 2 ) 234 

 235 

Figure 4. BET Nitrogen Adsorption: Adsorption Amount (a), Cumulative Pore Volume (b), Cumulative 236 

Specific Surface Area (c), and Relationships Between Total Pore Volume, Average Diameter, and Number 237 

of Cycles (d) 238 

3.SHPB Experimental Analysis 239 

This experiment utilized a Split Hopkinson Pressure Bar (SHPB) triaxial dynamic-static 240 

combined testing system. Compared with conventional Hopkinson bar systems, this system 241 

allows the addition of circumferential active confining pressure and axial pre-stress. The 242 

lengths of the striker, incident bar, and transmission bar were 400 mm, 3000 mm, and 2500 243 

mm, respectively, with a diameter of 50 mm. The bars have an elastic modulus of 206 GPa, a 244 
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density of 7.74 g/cm³, and a longitudinal wave propagation velocity of 5159 m/s. The strain 245 

signals were further processed and calculated using a high-speed dynamic strain recorder and 246 

data processing system. 247 

During the experiment, the axial pressure was set to 25 MPa, the confining pressure to 248 

30 MPa, and the loading velocity to 7 m/s. To validate the reliability of the experimental data, 249 

the stress uniformity assumption was tested using Equation (3), which states that the sum of 250 

the reflected strain and incident strain equals the transmitted strain. The results of the 251 

three-wave test are shown in the waveform diagram in Figure 5a. 252 

( ) ( ) ( )ttt
tri
 =+                                                 ( 3 ) 253 

Figures 5b and 5c present the stress-strain curves of coal samples in dry and saturated 254 

states under different numbers of wet-dry cycles. The results indicate that the peak strength of 255 

the coal samples decreases continuously with an increasing number of wet-dry cycles. 256 

Comparing the peak strength of dry and saturated coal samples reveals that saturation 257 

significantly reduces the peak strength of the coal samples. 258 

Moreover, as the number of cycles increases, the strain experienced by the coal samples 259 

increases, indicating greater macroscopic damage to the samples. On a microscopic level, the 260 

pores and cracks in the coal are compressed under impact loading, resulting in larger strains. 261 

With increasing cycles, the porosity continuously grows, leading to rapid closure of 262 

compressed pores. This reduces the elastic space within the coal samples, altering their 263 

deformation mode. The reduction in elastic space limits the ability of the coal samples to 264 

accommodate larger strains, which, combined with increased porosity, results in lower 265 

strength, reduced strain, and greater overall damage as the number of cycles increases. 266 

 267 

Figure 5. SHPB Test: Three-Wave Equilibrium (a), Stress-Strain Curves (b, c), and Energy 268 

Dissipation (d) 269 
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The failure of coal is essentially a process of energy release and dissipation within the 270 

coal body, encompassing energy absorption, conversion, and release. In practical engineering 271 

applications, the energy absorbed during coal-rock fracturing can be used to represent the 272 

difficulty of coal-rock failure. 273 

As shown in Figure 5d, the energy absorption of coal samples decreases with an 274 

increasing number of wet-dry cycles. This is due to the increased porosity of the coal samples, 275 

which reduces the energy required for failure and, correspondingly, lowers the peak strength 276 

of the samples. However, after saturation treatment, the absorbed energy of the coal samples 277 

is generally higher than that of the dry samples. This is because dry samples primarily absorb 278 

incident energy through their deformation and the generation and propagation of internal 279 

microcracks. 280 

In contrast, saturated samples, due to reduced strength and elastic modulus, enter the 281 

yield stage earlier under impact loading, resulting in more plastic deformation and higher 282 

energy dissipation. Additionally, during impact loading, a "water wedge" effect occurs 283 

between water and pores/cracks. When coal samples are subjected to impact, the water in the 284 

pores exerts additional pressure on coal particles, promoting further crack propagation 285 

between coal particles, which consumes additional energy. 286 

Furthermore, as stress waves propagate through the coal-water interface, reflection and 287 

refraction occur, leading to energy redistribution. This also contributes to the higher energy 288 

absorption of saturated coal samples compared to dry ones. 289 

 290 

Figure 6. Relationships Between Peak Strength (UCSd) (a) and Dynamic Elastic Modulus (Ed) (b) and the 291 

Number of Cycles 292 

The peak compressive strength of the coal sample is defined as UCSd, and the slope of 293 

the two-point line at 0% and 50% of the peak stress is defined as the dynamic elastic modulus 294 

Ed. These parameters are used to evaluate the effects of wet-dry cycles and saturation on the 295 

dynamic properties of sandstone. 296 

Figure 6 illustrates the relationships between UCSd and Ed and the number of cycles for 297 

both dry and saturated coal samples. As the number of wet-dry cycles increases, both UCSd 298 

and Ed exhibit a gradual decline. When the number of cycles increases from 0 to 9, the coal 299 

sample strength decreases from 102.1 MPa to 69.7 MPa, while the dynamic elastic modulus 300 

drops from 11.178 GPa to 3.654 GPa. The relationships between UCSd and Ed and the 301 

number of cycles n can be effectively described using exponential functions (Equations 4 and 302 
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ௗܵܥܷ 303 :(5 = 113.59 − ݔ−)ݔ݌10.61݁ 6.3⁄ )                             ( 4 ௗܧ 304 ( = 1.05 + ݔ−)ݔ݌10.11݁ 6.75⁄ )                                ( 5 ) 305 

The same trend is observed in saturated samples. As the number of cycles increases from 306 

0 to 9, the coal sample strength decreases from 94.1 MPa to 69.9 MPa, and the dynamic 307 

elastic modulus decreases from 8.593 GPa to 4.446 GPa. The relationships are described by 308 

the following exponential functions (Equations 6 and 7): 309 ܷܵܥௗ = 62.1 + ݔ−)ݔ݌32.26݁ 5.92⁄ )                             ( 6 ) ௗܧ 310  = 0.57 + ݔ−)ݔ݌11.56݁ 8.12⁄ )                                ( 7 )  311 

 312 

Figure 7. Relationships Between Peak Strength (UCSd) and Dynamic Elastic Modulus (Ed) and 313 

Porosity (a) and Coal Sample Failure Images (b) 314 

The wet-dry cycle treatment significantly affects the microstructure of coal samples. By 315 

analyzing the relationship between the cumulative porosity and peak strength of the coal 316 

samples, the influence of microstructural changes induced by wet-dry cycles on macroscopic 317 

mechanical properties can be further characterized. 318 

In Figure 7a, as the porosity of the coal samples increases, the peak strength gradually 319 

weakens. Figure 7b shows that with an increasing number of wet-dry cycles, the extent and 320 

degree of coal sample failure also increase. Moreover, saturated coal samples exhibit more 321 
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severe damage compared to dry samples. Saturation leads to a swelling phenomenon in coal 322 

samples, generating expansion stress within the sample. When this expansion stress exceeds 323 

the strength limit of the coal, internal microcracks propagate further. As these microcracks 324 

expand and connect, the structural instability of the coal samples becomes more pronounced, 325 

leading to increased damage severity. 326 

The relationship between porosity and peak strength for dry and saturated coal samples 327 

follows the equations below (Equation 8 for dry samples, Equation 9 for saturated samples): 328 ܷܵܥௗ = 101.14 + ݔ−)ݔ݌0.036݁ 4.28⁄ )                            ( 8 ௗܵܥܷ 329 ( = 66.49 + ݔ−)ݔ݌69.77݁ 10.77⁄ )                            ( 9 ) 330 

4. COMSOL numerical simulation 331 

To further explore the changes in pore structure and mechanical characteristics of coal 332 

seams subjected to wet-dry cycles, a model was constructed based on the geological 333 

structural layers of the sampled coal. Considering that deep coal seams are subjected to 334 

dynamic loading under static stress conditions, resulting in a dynamic-static coupled stress 335 

state, a 3D environment was employed to address this issue. 336 

During the modeling process, the CDA import module was utilized. The constructed 337 

model and the mesh division are shown in Figure 8. 338 

 339 

Figure 8. COMSOL Coal Seam Structural Model and Mesh Division 340 

To implement the wet-dry cycle preprocessing for the coal seam, the Groundwater Flow 341 

module in COMSOL Multiphysics was employed, with the wet-dry cycles of the coal seam 342 

controlled using the Richards equation[44,45]. Since coal is a heterogeneous porous medium, 343 

the coal seam was divided into two components: the fluid flow region and the porous medium 344 

matrix, governed by the following distinct equations. 345 Cm ∂pg ∂t + ∇(ρu) = Qm                                                           (10) 346 

u = − kρg ∇p                                                                  (11) 347 

Equations (10) and (11) describe the behavior of unsaturated porous media: 348 
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The first term represents the rate of change in fluid mass due to pressure 349 

variations.∇(ρu)  is the divergence of the mass flux q, which indicates the mass flow per unit 350 

area.Qm denotes the rate of fluid mass generation or consumption per unit volume.v is the 351 

seepage velocity of the fluid within the porous medium.k is the permeability, representing the 352 

ability of the porous medium to allow fluid flow.ρ is the fluid density, g is the gravitational 353 

acceleration, and ∇P is the pressure gradient. 354 ρ = ρ(PA) , Xf = 1 ∂ρρ ∂PA                                                          (12) 355 k =  ௦݇௥(Se)                                                                (13) 356ܭ

Equation (12) (Fluid): ρ denotes the fluid density, which is a function of a specific 357 

pressure parameter ρ(PA). This relationship reflects the compressibility of the fluid. 358 

Formula (13) in porous matrix:Ks is the hydraulic conductivity of 2.94e4*1.5m/s, kr(Se) 359 

is the relative permeability, which is a function of saturation Se. 360 

In the water retention model, the soil water characteristic curve is commonly used to 361 

describe the relationship between matric suction and water content. Among these models, the 362 

Van Genuchten model is widely used as it effectively fits the water retention properties of soil 363 

across the entire range of water content[46,47]. Its expression is given by Equation (14)： 364 θ = θr + θs−θr(1+|αh|n)m                                                            (14) 365 

The soil water characteristic curve describes the relationship between matric suction and 366 

water content, expressed as follows: θ : Volumetric water content; θs : Saturated water 367 

content;θr: Residual water content;h: Matric suction;n、m、α: Model parameters, with values 368 

of 1.35, 0.5, and 2.382, respectively. 369 

The wet-dry cycle information for the coal seam controlled by the above equations is 370 

shown in Figure 9. In Figure 9a, a complete wet-dry cycle is achieved when the coal seam’s 371 

water content changes from 0.0 to 1.0. In Figure 9b, after 9 cycles, the coal seam's porosity 372 

increased from an initial 9.361% to 29.002%, showing a growth trend that matches the model 373 

predictions. 374 

 375 

Figure 9. Wet-Dry Cycle Control Method and Coal Seam Porosity 376 

In addition, to study the changes in the mechanical properties of coal seams under the 377 

influence of wet-dry cycles, the Structural Mechanics module was used to investigate the 378 

peak stress that coal seams can withstand under different numbers of wet-dry cycles. The 379 
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process was governed by the following equations: 380 ρ ∂2u∂t2 + ρaf = ∇S + Fv                                                         (15) 381 

Formula (15) is the dynamic equilibrium equation in Solid Mechanics: ρ ∂2u∂t2  is the 382 

inertial force, where  ρ is the density; u is the displacement vector; af is acceleration; 383 ∂2u∂t2 physical acceleration; ∇S represents the divergence of the stress tensor, corresponding to 384 

the internal force inside the object; Fv is the external force acting on the volume of the 385 

object. 386 S = Sinel + Sel，ϵel = ϵ − ϵinel                                                  (16) 387 

Stress strain decomposition equation (16): Sinel inelastic stress,Sel elastic stress, ϵel 388 

elastic strain, ϵinel inelastic strain, ϵ is the total strain. 389 ϵinel = ϵ0 + ϵext + ϵth + ϵhs + ϵpl + ϵcr + ϵvp + ϵve                                  (17) 390 

Equation (17): Inelastic Strain Decomposition:ϵ0 :Initial Strain,ϵext :External Strain，391 ϵhs :Hardening Strain, ϵpl :Plastic Strain, ϵcr :Creep Strain, ϵvp :Viscoplastic Strain ，392 ϵve:Viscoelastic Strain. 393 Sel = C: ϵel                                                                  (18) 394 

Equation (18): Elastic Stress-Strain Relationship Where C is a fourth-order elastic 395 

stiffness tensor. 396 ϵ = 12 [(∇u)T + ∇u]                                                           (19) 397 

Equation (19): Strain-Displacement Relationship Where ∇u represents the gradient of 398 

the displacement vector u. 399 C = c(E: v)                                                        (20 ) 400 

Equation (20): Relationship Between Elastic Stiffness Tensor and Material Parameters：401 E:Young's modulus.，v:Poisson's ratio. 402 

As the number of wet-dry cycles increases, the porosity of the coal seam also increases. 403 

Under this condition, an external stress is applied to the coal seam to simulate 404 

mining-induced disturbances. Using the aforementioned equations, the mechanical behavior 405 

of the coal seam after different numbers of wet-dry cycles was obtained, as shown in Figure 406 

10. 407 

The stress cloud maps in the figure demonstrate that as the number of cycles increases, 408 

the stress the coal seam can withstand gradually decreases, and the range of peak stress it can 409 

endure narrows. This indicates that after undergoing multiple wet-dry cycles, mining 410 

disturbances more easily affect the stability of the coal seam. 411 

Furthermore, to describe the relationship between peak stress and the number of wet-dry 412 

cycles nnn, exponential equations (21) and (22) were proposed. These equations exhibit a 413 

high degree of fit (R2=0.99), showing strong consistency with the weakening trend of peak 414 

strength observed in the experiments. 415 ݕ = 70.65 − ݔ−)ݔ݌1.79݁ −3.43⁄ )                                 (21 ݕ 416 ( = 30.49 − ݔ−)ݔ݌0.85݁ −3.11⁄ )                                 (22 ) 417 
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 418 

Figure 10. Peak Stress Intensity and Weakening Trend of Coal Seam Under Load 419 

5. Discussion on Deterioration Mechanism and Engineering Applications 420 

5.1 Mechanism of Strength Weakening Due to Water Saturation 421 

Coal is a heterogeneous porous medium, with its surface and interior containing various 422 

types of pores—ranging from micropores to macroscopic fractures—formed by organic and 423 

mineral components. The pore structure is highly complex. During the water saturation 424 

process, the pores and cracks are filled with water, compressing and displacing the air 425 

originally present in the coal sample, as illustrated in the transition from Figure a to b. 426 

Subsequently, as shown in Figure c, when axial and confining preloading is applied to 427 

the saturated coal sample, the incompressibility of water causes changes in the coal sample's 428 

volume and internal pore structure. Under the pressure exerted by water, the original cracks 429 

in the coal begin to propagate, leading to greater damage to the coal sample under impact 430 

loading. 431 

 432 

Figure 11. Schematic Diagram of Structural Deterioration in Coal Samples During Water Saturation 433 
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The pore pressure (Figure 11) is represented by u, indicating the pressure exerted by 434 

fluids within the coal seam. In the case of gradual water saturation, Uw represents the water 435 

pore pressure, while Ug denotes the gas pore pressure when the soil is also gas-saturated. The 436 

presence of fluids in the pore spaces alters the physical and mechanical properties of the coal 437 

seam and affects the net normal stress. This can be expressed as: 438 σ， = σ − Ut                                                                  (23) 439 

Where,σ:Total normal stress;Ut: Fluid Pore Pressure.Considering the difference between 440 

the pore gas pressure (Ug) and the pore water pressure (Uw), the suction power of the coal 441 

matrix is: 442 S = Ug − Uw                                                                  (24) 443 

Volumetric weight is defined as the weight of an object per unit volume, and the formula 444 

for calculating the unit weight of volume (γbulk) is: 445 γbulk = γw(Gs + eS) 1 + e⁄                                                    (25) 446 

When all the voids in the coal are filled with water and the saturation degree S is 1, the 447 

expressions for the saturated unit weight (γsat) and dry density (γdry) are: 448 γsat = γw(Gs + e) 1 + e⁄                                                        (26) 449 γdry = γwGs 1 + e⁄                                                           (27) 450 

Where, γw:Unit weight of saturated water.GS:Specific gravity of coal.e:Void ratio of 451 

coal. 452 

Assuming the coal seam is horizontal, with linear superposition between layers, 453 

considering the saturation of the voids by the fluid, the vertical stress formula can be 454 

expressed as: 455 σsat = γsatz + ∆σs                                                         (28) 456 

When the coal sample is in a dry state, Ut=Ug; when in a water-saturated state, Ut=Uw. 457 

Substituting the unit saturation values of water and gas into Equations (26), (27), and (28), 458 

the effective stress equation for coal is derived as Equation (29): 459 σ， = σ − (Ug + Uw)                                                      (29) 460 

Therefore, when a coal seam is at a certain burial depth, it is subjected to the overburden 461 

pressure (total stress). In an unsaturated state, the pore water pressure is relatively low, 462 

resulting in higher effective stress, which allows the coal sample to maintain a certain degree 463 

of strength and stability[48]. However, once the coal becomes saturated with water, the pore 464 

water pressure increases, and the effective stress decreases, leading to a reduction in the shear 465 

strength of the coal sample. This reduction in shear strength makes the coal sample more 466 

susceptible to shear failure under relatively small external forces, thereby weakening its 467 

mechanical properties. 468 

5.2 Deterioration Mechanism of Wet-Dry Cycles 469 

To further understand the changes in the microstructure of coal samples, SEM analysis 470 

was conducted to examine the micro-morphology of samples subjected to different numbers 471 

of wet-dry cycles (as shown in Figure 12). Comparative observations revealed that during the 472 

wet-dry cycling process, the porous medium structure of the coal allowed water to penetrate 473 

the pores and cracks, causing swelling. With an increasing number of wet-dry cycles, this 474 

repeated swelling and shrinkage behavior led to micro-damage fatigue in the coal samples, 475 

resulting in the continuous expansion of existing micro-pores and cracks and the formation of 476 
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new cracks, as evidenced by the newly developed pore-crack features shown in Figure 12b. 477 

Moreover, as the number of wet-dry cycles increased, the repeated transitions between 478 

saturated and dry states weakened the connectivity between micro-particles in the coal 479 

samples. The mineral matrix within the coal also reacted with water, leading to structural 480 

transformations. The originally multilayered structure evolved into the discontinuous and 481 

isolated state depicted in Figure 12d[49]. 482 

 483 

Figure 12. Microstructural Changes in Coal Samples Under Different Numbers of Wet-Dry Cycles 484 

In addition, coal contains various minerals, such as carbonates (e.g., calcite) and sulfates 485 

(e.g., gypsum). Under repeated wet-dry cycles, some minerals undergo dissolution reactions. 486 

Taking calcite as an example, its dissolution reaction is shown in Equation (30). 487 CaCO3 + H2O + CO2 ↔ Ca2+ + 2HCO3−                                    (3 0 ) 488 

As shown in Figure 13, such chemical reactions weaken the cementation between 489 

mineral particles in the coal samples. Meanwhile, under certain conditions, the dissolved ions 490 

precipitate to form new mineral phases. The formation of these new mineral phases generates 491 

expansion stress, further disrupting the internal structure of the coal samples. 492 

Moreover, the presence of water promotes redox reactions within the coal, leading to the 493 

formation of oxygen-containing functional groups such as hydroxyl (-OH) and carboxyl 494 

(-COOH). These functional groups alter the chemical structure of the coal, enhancing its 495 

hydrophilicity and loosening its macromolecular structure. This ultimately reduces the 496 

strength and stability of the coal samples. 497 
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 498 

Figure 13. Schematic Diagram of Chemical Reactions in Coal Samples Under Wet-Dry Cycles 499 

5.3 Engineering Application Analysis 500 

The coal mining environment is complex and variable, with wet-dry cycles being a 501 

common natural phenomenon widely present at mining sites. From the stability of roadway 502 

surrounding rocks to the operating conditions of mining equipment, wet-dry cycles play a 503 

crucial role that cannot be overlooked. Figure 14 illustrates the depositional conditions of a 504 

localized coal-rock formation in a specific coal mine. 505 

 506 

Figure 14. Schematic Diagram of Different Wet-Dry Environments at the Engineering Site 507 

The physical and chemical effects mentioned in the above deterioration mechanisms, 508 

such as the weakening of inter-particle bonding and the accelerated dissolution of calcium 509 

carbonate, can easily lead to spalling phenomena on roadway walls, reducing coal-rock 510 

strength and increasing the difficulty of roadway support. Based on the findings of this study, 511 

the following recommendations are proposed for mining areas with coal seams subjected to 512 

wet-dry cycles: 513 



 19 

1.Enhance drainage efforts: Lower the groundwater level to reduce the soaking time of 514 

the roadway surrounding rock, maintaining its relative stability and creating favorable 515 

conditions for mining. 516 

2.Adopt combined support methods: Utilize anchor bolt reinforcement for the 517 

surrounding rock and apply shotcrete to form a sealing layer, isolating the wet-dry cycling 518 

medium from the surrounding rock. 519 

6. Conclusion 520 

Wet-dry cycles have a significant impact on the microstructure and mechanical behavior 521 

of coal. Through 3D reconstruction of CT scan images and BET nitrogen adsorption 522 

experiments, the mechanism by which wet-dry cycles affect the micro-pore and crack 523 

structure of coal samples was revealed. Additionally, triaxial impact loading tests were 524 

conducted using a Hopkinson pressure bar, and combined with simulations in COMSOL 525 

Multiphysics, the weakening effects of wet-dry cycles on the macroscopic mechanical 526 

properties of coal were explored and validated. 527 

Based on the results of macro- and micro-scale experiments, the deterioration 528 

mechanism of wet-dry cycles on coal structures was comprehensively discussed. Practical 529 

recommendations were proposed to meet engineering site requirements, providing theoretical 530 

support for the prevention and control of coal mine dynamic disasters. The following 531 

conclusions were drawn: 532 

1.The influence of wet-dry cycles on the porosity of coal samples progresses from the 533 

surface to the interior. As the number of wet-dry cycles increases, the porosity and 534 

connectivity of the coal samples initially increase and then decrease. The collapse of pores 535 

and cracks results in a gradual reduction in the average pore size, while the total pore volume 536 

exhibits an opposite trend. Both parameters demonstrate a strong functional relationship with 537 

the number of wet-dry cycles. 538 

2.Under triaxial impact loading conditions, the number of wet-dry cycles weakens the 539 

peak strength of coal samples. Saturation treatment further exacerbates this weakening effect, 540 

significantly increasing the degree of coal sample damage. The peak strength (UCSd) and 541 

dynamic elastic modulus (Ed) exhibit an exponential relationship with the number of cycles 542 

(n), a result validated by numerical simulations 543 

3.After water saturation, the pore water pressure in coal samples increases, effective 544 

stress decreases, and the degree of damage intensifies. With the increase in the number of 545 

wet-dry cycles, the repeated swelling and shrinkage behavior induces micro-damage fatigue 546 

in the coal samples, leading to internal structural collapse. Additionally, the chemical 547 

dissolution and precipitation of the mineral matrix jointly cause the number, size, and volume 548 

of pores and cracks to initially increase and then decrease. 549 
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