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Safety is the primary guarantee for achieving coal mine production. The degree of water in the overlying rock of the coal seam has a significant impact on the mechanical strength of the rock, which can lead to subsidence, roof collapse, and rock burst in the mining area. Therefore, it is important to study the law of water-rich damage and deterioration of coal seam overlying rock, as well as the characteristics of bursting liability to prevent and control mining disasters. This paper aims to investigate the change in compressive strength, elastic modulus, and bursting liability of coal measure strata under different water content and their relationship with lithology, particle size, pore characteristics, and mineral characteristics. We carried out uniaxial compression tests on drilled and prepared samples of coal measure strata in the east of Ordos City. We also monitored the acoustic emission characteristics of the rock failure process under different water content. The results demonstrate that, in the dry state, the compressive strength of siltstone >fine sandstone >medium sandstone >coarse sandstone. As the water content increases, the rock transitions from brittle to plastic, and the compressive strength, elastic modulus, and bursting liability gradually decrease. The stress-strain curve changes from a single peak to bimodal and multimodal, and the active degree of acoustic emission events decreases, especially the low-value ringing count. Calcareous cementation, clay minerals, and chlorite exhibit strong softening properties when subjected to water, while the grain skeleton (comprising quartz, feldspar, mica) and siliceous cementation displays weak softening properties in such conditions. The most significant is the mechanical strength deterioration of siltstone containing a clay matrix. The research findings can provide reference and theoretical support for safe mining practices in coal mines.
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1 INTRODUCTION
The impact of water on the strength and deformation of rock materials is of utmost importance, as it can trigger a range of geological hazards, including collapse, subsidence, and water inrush (Iverson, 2000; Ma et al., 2019; Wu et al., 2019). This poses a significant threat to the stability of human engineering construction and safe mining (Zhou and Li, 2012; Wang et al., 2022). The water content serves as a crucial factor in controlling the properties of geotechnical engineering (Naji, 2018; Hemid et al., 2021). The mechanical properties of rock are subject to change under different water content. Therefore, to ensure safe mining, it is imperative to investigate the relationship between water content and the strength of coal seam overlying strata.
The mechanical strength of the overlying rock of a coal seam has a significant impact on the settlement and development of fracture zones after mining (Bastola, 2015), especially when the rock contain water, making it easier for them to separate and slip along sedimentary bedding and joints (Wu and Lin, 2021). As a result, numerous studies have been conducted on the shear strength of rock with varying water content. Due to the presence of capillary tension, the friction angle and cohesion of sandstone typically increase with increasing water content. However, when the water content continues to rise until saturation, the softening effect of water predominates, and the cementing key between particles transforms into a hydrogel key, reducing the connection force between particles and decreasing shear strength (Zhang et al., 2020). When the content of clay minerals is high, the deterioration of shear strength is more severev (Gui and Wu, 2014; Tang et al., 2020; Uyeturk and Huvaj, 2021).
The stress release after coal mining will not only cause shear failure of overlying rock, but also induce horizontal stress in surrounding strata (Hemid et al., 2021). When water is present in the roof overlying rock, the rock strata sag under the influence of tensile stress, leading to roof collapse. Therefore, Yasidu et al. (2017) conducted a study on the changes in tensile strength of coal-bearing rocks, feldspar sandstone, and fine-grained sandstone under varying water content. The findings revealed that the indirect tensile strength of rocks decreased with increasing humidity, and the strength of sandstone containing illite was highly susceptible to water, which aligns with the experimental outcomes of Li et al. (2019).
Previous research has focused on the compressive strength of coal pillars to achieve maximum coal recovery, with limited attention paid to the compressive strength of coal seam overburden (Verma, 2014). Deng et al. (2020) found based on nuclear magnetic resonance technology that the compressive strength decreases with an increase in the volume ratio of large pores and increases with an increase in the fractal dimension of pore size. The study by Qi et al. (2022) showed that compressive strength is exponentially negatively correlated with total porosity, and stress concentration and crack initiation preferentially occur in brittle quartz particles. The presence of water can lead to a sharp decrease in sandstone strength (Noël et al., 2021; Hu et al., 2022). Zang et al. (1996) used acoustic emission to monitor the failure process of wet rock cores and found that acoustic emission activity began at 84% of the fracture strength of wet rock cores (55 MPa) and 91% of the fracture strength of dry rock cores (87 MPa). The ratio of positional acoustic emission to recorded acoustic emission for dry rock core is 0.37, and the ratio of positional acoustic emission for fully wet rock core is 0.13. The negative slope of cumulative AE-amplitude frequency distribution drops by 50% before failure in dry rock cores. There has been relatively little comparison and correlation analysis of mechanical properties under different water contents in previous studies (Ding et al., 2023).
However, the unidirectional compressive strength of coal seam, roof, and floor rocks is often low in many mines, leading to stress concentration in the roof and floor near the coal pillar after mining and ultimately resulting in rockburst after exceeding the compressive limit (He et al., 2010; Maleki, 2017). Moreover, rockburst in theroof rock poses a greater security threat (Yin et al., 2002). The compressive strength and bursting liability of rock are important factors that contribute to rockburst and pressure bumping in coal mines. Lu et al. (2021) pointed out that water has a significant impact on the occurrence of rockburst. As such, this paper conducts uniaxial compression tests under different water content to calculate the compressive strength, elastic modulus, and bursting liability of coal measure strata samples. The study investigates the relationship between them and water content, lithology, particle size, pore characteristics, mineral characteristics, explores the water-rich damage deterioration law and bursting liability characteristics of overlying rock of coal seam, and examines the acoustic emission (AE) characteristics during the failure process. The findings of this study can provide theoretical and practical reference for the safe mining of coal mines.
2 SAMPLE PREPARATION AND EXPERIMENTAL PROCEDURE
The sampling site is located in the east of Ordos City in the Inner Mongolia Autonomous region of China (Figure 1). Coal measure strata with an elevation of 662.6–1,186.4 m were drilled to extract cores, which were then processed into cylindrical samples measuring Φ25 × 50 mm (Figure 2).
[image: Figure 1]FIGURE 1 | Location of sampling points.
[image: Figure 2]FIGURE 2 | Sample preparation process.
Four types of rocks were selected for sampling: coarse sandstone, medium sandstone, fine sandstone, and siltstone, three parallel samples of each rock were taken. Each type of rock was divided into five groups with varying water content levels (Table 1). The samples were then dried using a DHG-9145A electric blast drying oven at 105°C for 24 h. Once the samples had reached a completely dry state, their quality was tested using a ME240/02 electronic balance. The five groups of samples were placed in a vacuum barrel and subjected to a vacuum for 2 h before being saturated with water for 24 h to test their saturation mass. The samples from the saturated group were retained and sealed with plastic wrap, while the samples from the dry group were dried once again. The samples from the remaining three groups were centrifuged for 5 min at 500, 1,000, and 2000 r using a TDZ5-WS centrifuge, and their quality was tested after centrifugation. Finally, all five groups of samples with varying water content levels were tested using a uniaxial compressive strength testing machine.
TABLE 1 | Sample saturation and moisture content.
[image: Table 1]The saturation and moisture contents for the five groups of samples were calculated according to the quality difference, as shown in Table 1. GS is coarse sandstone, MS is medium sandstone, FS is fine sandstone, and SS is siltstone.
3 EXPERIMENTAL RESULTS
Sandstones of different particle sizes exhibit varying levels of saturated water content, as illustrated in Figure 3. Siltstone (SS), for instance, has the lowest saturated water content, measuring 5.59%. When subjected to centrifugation at a rotational speed of 2000 r for 5 min, the moisture content of siltstone only decreased by 1.43%. The water content curve of fine sandstone (FS), medium sandstone (MS), and coarse sandstone (GS) exhibited similar patterns, decreasing by 34.57%, 44.24%, and 32.28%, respectively, relative to their saturated water content levels.
[image: Figure 3]FIGURE 3 | Moisture content of the samples.
According to Hu et al. (2022), variations in water content are closely associated with pore structures. The pore structures of four lithologic sandstones were tested using low field nuclear magnetic resonance (NMR) technology to investigate this relationship, and transverse relaxation time T2 data were collected. Figure 4 displays the results of this test. The T2 concentration of siltstone was found to be between 0.1–1.3 m, and the signal amplitude was the highest, reaching 27.78 a. u. The T2 ranges of medium sandstones and fine sandstones were similar, and the signal amplitudes were both low. While, the maximum T2 value of coarse sandstone was notably expansive, with a peak value between 100–1,100 m, suggesting the presence of larger pores.
[image: Figure 4]FIGURE 4 | T2 spectral profiles recorded for the rock samples.
Water content affects the mechanical properties of rock. Uniaxial compression tests are carried out on sandstone samples varying in water content (Fan, 2019), the results are shown in Figure 5.
[image: Figure 5]FIGURE 5 | Changes in compressive strength with moisture content.
As the water content of rock samples increased, their compressive strength generally decreased. Among the samples, coarse sandstone experienced the smallest reduction in compressive strength, at only 28.65%, when exposed to the maximum water content. Therefore, the impact of water content on the mechanical properties of coarse sandstone is comparatively minor. Medium sandstone and fine sandstone experienced greater decreases in compressive strength, at 38.97% and 35.08%, respectively. However, the compressive strength of siltstone decreased the most, with a reduction of 73.30% relative to the drying group.
Water content also impacts the morphology of the stress–strain curve for rock samples, as shown in Figure 6. The stress-strain curve for samples in the drying group typically presents a single peak with a higher peak value. However, as the water content increases, the curve transforms from a high single peak to a low double peak or a low multiple peak. In particular, the peak value of saturated samples decreases significantly while the strain increases considerably. During the process of increasing load pressure, the rock interior rapidly transitions from an unstable state of high energy stress concentration to a state of low energy equilibrium. Excess energy released from the local source generates transient elastic waves, which are acoustic emission signals (Davidsen et al., 2007) that can be monitored using the RS-2A acoustic emission instrument. Therefore, acoustic emission signals from the entire rock fracturing process were collected using acoustic emission technology. Results for coarse sandstone and fine sandstone are presented in Figure 7 as examples.
[image: Figure 6]FIGURE 6 | Comparison of stress-strain curves of samples with different water contents.
[image: Figure 7]FIGURE 7 | Acoustic emission characteristics.
The ringing count displayed an increasing trend and reached its maximum value at the peak stress. Additionally, both the ringing count and cumulative ringing count steadily increased under dry conditions. However, when the sample contained water, there were significant differences in the acoustic emission signals. Before the peak stress, the ringing count was generally small. A large ringing count would then be generated when the final destruction occurred. The cumulative ringing count increased slowly before reaching the maximum peak stress and forms a jump increase upon final destruction.
4 ANALYSIS AND DISCUSSION
To obtain pore structure information, such as pore size and content of rock samples, the T2-signal amplitude was converted into pore size r-pore volume ratio according to the relationship between T2-pore size r (Eq. (1)) (Figure 8). The pores inside the rock mass were classified into the categories of small pores (r<0.1 µm), mesoporous pores (0.1≤r≤1.0 µm), and large pores (r>1.0 µm) (Hu et al., 2022). The curve for pore size to the pore volume ratio of sandstones with different grain sizes varied significantly. The peak value of pore size of siltstones is higher between 0.001–0.01 μm, a large number of micropores was present (maximum: 92.75%). Additionally, the pore volume ratio of siltstones was zero at many places, indicating poor pore sorting and connectivity. The curve distribution of fine sandstone and middle sandstone was gentle, and the content of the three kinds of pores was more uniform. The pore volume ratio curve of coarse sandstone shifted significantly to the right, and the maximum pore size exceeded 30 µm. The peak of the curve was concentrated in the range of 2–30 μm, and the content of macropores was higher, accounting for 70.79%.
[image: image]
In the above equation, T2 is the total transverse relaxation time (ms), T2B is the volume relaxation time (ms), T2S is the surface relaxation time (ms), and T2D is the diffusion relaxation time (ms). When only one fluid is present in the pore, surface relaxation occurs much faster than volume relaxation, making T2B negligible. Additionally, if the magnetic field is uniform and the echo interval TE is sufficiently short, T2D can be disregarded (Liaw et al., 1996). Here ρ is the transverse surface relaxation strength coefficient (µm/ms), S is the pore surface area (µm2), and V is the pore volume (µm3) (Jia et al., 2020).
[image: Figure 8]FIGURE 8 | Pore structure of rock samples.
According to the low-field NMR test results shown in Figure 8, fine, medium, and coarse sandstone have a larger porosity, providing more space to store free water (Kim et al., 2008). Consequently, these sandstones exhibit higher water content after saturation, indicating a positive correlation between porosity and saturated water content. During centrifugation, free water in pores is mostly removed, leading to a rapid decrease in water content in the saturated −500r section (Figure 3) at low rotational speeds (500r). As centrifugal rotational speed increases, less residual free water can be separated, resulting in a slower decrease in water content in the 1,000 r-2000 r segment. After drying the rock samples at 105°C for 24 h, all free and adsorbed water in the pores evaporates, leading to a significant reduction in water content. Based on these observations, it is clear that the 5min-2000 r centrifugation did not separate a substantial amount of water and, at most, reduced the water content by 44.24% compared to saturation.
The porosity of medium sandstone is the largest, with uniform pore content across different pore sizes and good connectivity. Large and middle pores account for the majority, making removing internal free water during centrifugation easy and resulting in a significant drop in water content. In siltstone, micropores account for the majority (92.75%), and pore connectivity is poor. This makes it difficult to separate free water during centrifugation, resulting in the smallest change range of the water content. After centrifuged at 2000 r for 5 min, it only decreases by 25.58% (Hu et al., 2022).
The mechanical properties of rock samples are affected by their water content. As shown in Figure 5, there is a significant difference in compressive strength between dry siltstone samples and those containing water. The water content increased by 4.16%, while the compressive strength decreased by 72.49%. With a further increase in water content, the change in compressive strength decreases significantly until saturation, when the water content reaches 5.59%, with the decrease in compressive strength only increasing by 0.81%. This phenomenon is related to its mineral composition As shown in Table 2, many clay minerals and chlorite are present in the fillings between siltstone particles. These minerals have strong hydrophilicity and a significant softening effect in water (Yang and Wang, 2020), leading to a significant softening effect when exposed to water. Even after centrifugation removes part of the free water, the clay absorbs a lot of water (Tang et al., 2020), resulting in the low mechanical strength of siltstone and one of the reasons for the small decrease in water content during centrifugation. Upon absorbing water, clay minerals expand their lattice (Yao et al., 2022), compressing the pore space and clogging micropores, making it harder for water to escape.
TABLE 2 | Mineral composition of rock sample (Qtz: quartz; Fsp: feldspar; Bt: Biotite; Ms: Muscovite; Cal: calcite; Db: cuttings).
[image: Table 2]Water affects the mechanical properties of rocks by softening minerals, it has less effect on granular skeleton minerals such as quartz, feldspar and mica, while the effect on the fillings of clay and calcareous cementation is strong (Yasidu et al., 2017). The fillings in the coarse, medium, and fine sandstone studied in this paper are primarily siliceous, with a small amount of calcareous cementation (as shown in Table 2; Table 3). Notably, coarse sandstone contains a large amount of siliceous cementation, and the secondary enlargement of quartz occurs, with less cuttings and no chlorite. As a result, this type of rock sample has the weakest water-softening effect, the smallest reduction in compressive strength, and the most stable properties. Therefore, the mechanical strength of water-containing sandstone is primarily influenced by its mineral composition and content (Hu et al., 2023).
TABLE 3 | Mineral percentage in rock samples.
[image: Table 3]Grain size is closely related to the mechanical properties of rock samples under dry conditions. Figure 4 shows that siltstone has the highest compressive strength under dry conditions, followed by fine sandstone, medium sandstone, and coarse sandstone, in that order. Siltstone particles are small and contain a large number of miscellaneous bases that fill the intergranular spaces. This results in a dense structure, a low degree of porosity, and a high number of micropores, which accounts for its maximum compressive strength when dry. As particle size increases, the porosity of the rock samples tends to increase. Coarse sandstone, observed under orthogonal polarizing and single polarizing mirrors, shows intergranular voids filled with a large amount of siliceous cementation and a small amount of calcrete cementation (as shown in Table 2), resulting in a slight decrease in its porosity. The mechanical strength of coarse sandstone is improved by both siliceous cementation and calcareous cementation, and its compressive strength is not greatly reduced compared to that of medium-fine sandstone.
Due to the softening effect of water, the mechanical behavior of rock samples changes from brittle to plastic, leading to changes in the stress-strain curve (Lu et al., 2021). When the rock sample is dry, it exhibits brittle failure, and the stress begins to decrease rapidly after reaching its peak. This results in a single high peak on the stress–strain curve (Figure 6). As the water content increases, the rock failure transitions to plastic failure. When the peak stress is reached, the rock undergoes micro-failure with small strain, followed by quick compaction and re-yielding as the stress continues to increase. This results in a transformation of the peak shape from single peak to double peak and multi-peak, especially when the rock sample reaches saturation. The maximum strain values of the rock samples increase significantly after multiple yielding. When the water content is low, the strain at the stress peak does not change significantly. However, when the rock sample is saturated, the plasticity of the rock is at its strongest, and the first failure occurs when the real maximum tolerable stress is reached. After the initial peak stress is exceeded, the rock undergoes compaction (as shown in Figure 9C), which increases its mechanical strength and generates a higher peak stress. This results in a significant increase in the strain corresponding to the new maximum peak stress.
[image: Figure 9]FIGURE 9 | Schematic representation of the rock fracturing process.
After softening, the strain value increases under the same stress, decreasing the elastic modulus. Moreover, as the water content of sandstone increases, the elastic modulus decreases as well (Figure 10). In a dry state, sandstone breaks immediately after exceeding the maximum peak stress, and the deformation energy consumed after the peak is generally small, resulting in a larger impact energy index. After softening, the decrease in the elastic modulus of water-bearing sandstone leads to a decrease in the deformation energy accumulated before the peak. As the maximum strain value increases, the deformation energy dissipated after the peak value also increases, resulting in a decrease in the impact energy index, which is negatively correlated with the water content. Figure 10 shows that as the water content increases, the impact energy index decreases from the highest value of 2.037 to 1.043, and the bursting liability transforms from weak bursting liability to no bursting liability.
[image: Figure 10]FIGURE 10 | Changes in elastic modulus (A) and impact tendency (B) with water content.
Acoustic emission signals resulting from the generation and expansion of micro-cracks can reflect the number and intensity of micro-cracks during the rock fracturing process (Davidsen et al., 2007). As stress increases, compression and collapse of water-bearing pores inside the rock sample occur first, generating small AE signals (Figures 9A,B). As the rock sample continues to be compressed, the internal mineral particles start to crush and break each other, leading to an increase in the acoustic emission signal. When the rock is completely crushed, fractures within the sample coalesce to produce maximum signal values (Figures 9C,D). Acoustic emission ringing counts mainly focus on the early stage of the stress-strain curve (see Figure 7), but immediately decrease and disappear after the final rock failure. Like the ringing count, the cumulative ringing count mainly accumulates in the early stage and increases rapidly at peak stress. Therefore, micro-crack formation mainly occurs before the maximum peak stress, and each micro-failure produces a higher ringing count, with the ringing count reaching a peak at the maximum peak stress.
According to Zhao et al. (2021), as the water content increases, the relative energy within the rock transitioning from an unstable, high-energy stress concentration state to a low-energy state decreases, leading to a decrease in the active degree of acoustic emission events. The acoustic emission parameter values before the maximum peak stress of water-bearing sandstone exhibit a downward trend compared to the dry state, with this trend becoming more pronounced as the water content increases. A similar trend is observed in medium sandstone and siltstone. The softening effect of water on the rock in the early stage of failure reduces the relative energy of microfissure generation and expansion in the stage shown in Fig. 9abc, which inhibits the formation of low-value ringing counts. However, when the rock is fully crushed, the relative energy generated is high due to the complete connection of pores and cracks and the crushing of the grain framework, and the inhibitory effect of water on the ringing count generated in this process is not significant.
5 CONCLUSION

(1) The siltstone pore diameter is concentrated between 0.001 and 0.01μm, and there are more micropores, reaching 92.75%, and the connectivity is poor. The content of small pores, medium pores, and large pores in fine sandstone and medium sandstone is relatively uniform. The pore volume ratio curve of coarse sandstone shifted to the right obviously, and the pore size was concentrated between 2–30 μm, and the maximum pore size was more than 30 μm.
(2) In its dry state, siltstone has a higher compressive strength than fine sandstone, medium sandstone, and coarse sandstone, in that order. The compressive strength of sandstone decreases significantly with increasing water content, and as the moisture content increases, the magnitude of the decrease in compressive strength decreases. The maximum reduction of compressive strength at saturation is 73.3%.
(3) Mineral composition and content influence the mechanical properties of water-bearing sandstones. Calcareous cementation, clay minerals, and chlorite tend to soften when exposed to water, whereas the grain skeleton of quartz, feldspar, mica, and siliceous cementation are weak in softening. Among these, siltstones containing a clay matrix experience the most deterioration in mechanical strength.
(4) Under the action of water softening, rocks changes from being brittle to being plastic, resulting in a negative correlation between elastic modulus, impact tendency and water content. The stress-strain curve also changes from a single peak to a bimodal and multi-modal. The higher the water content is, the lower the relative energy inside the rock transitioning from unstable high energy stress concentration state to low energy state, and the lower the activity of acoustic emission events. This effect is particularly significant for low ringing count values.
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