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The accurate elucidation and prediction of coal permeability evolution under stress loading conditions are crucial for coalbed methane production. In this study, flow experiments were conducted on six cylindrical coal samples and four cubic coal samples under both confining and true triaxial stress loading conditions, respectively. The structure and characteristic parameters of the fractures inside each coal sample were obtained using the computed tomography scanning system and image processing technologies. The coal permeability under both types of loading processes was calculated through the transient pulse method. A mathematical model was developed to assess the evolution of coal permeability under true triaxial loading based on the current true triaxial permeability model and fractal theory. The results revealed that during the confining pressure loading, the coal permeability decreased exponentially with effective stress and was effectively described using the SD model. Additionally, the coal permeability initially rapidly decreased, followed by a gradual decrease, and eventually stabilized at a constant value. Particularly, during the first three loading steps, the fracture aperture and corresponding permeability of the six cylindrical coal samples decreased by ∼51.79%–57.83% and ∼38.06%–42.12%, respectively. However, during the final three loading steps, the fracture aperture and corresponding permeability of the six coal samples decreased by ∼18.26%–23.08% and ∼22.15%–26.93%, respectively. Moreover, owing to the various crossing angles of complex fracture networks with each principal stress, the effect of each principal stress on the coal permeability evolution was highly anisotropic during triaxial stress loading. Particularly, the permeability of the ST1 sample decreased by 43.08%, 14.84%, and 42.08% during the loading of each principal stress. Similarly, the permeability of the ST2 sample decreased by ∼65.74%, 14.29%, and 19.97%. The permeability reductions for the ST3 sample were ∼34.03%, 55.85%, and 10.12%, while those for the ST4 sample were ∼35.97%, 46.51%, and 17.52%. The SD model failed to describe these anisotropic effects. Compared with the SD model, the improved model, based on the current true triaxial permeability model and fractal theory, effectively described the anisotropic effect of each principal stress on the permeability of coal samples with complex fracture networks under triaxial stress conditions.
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1 INTRODUCTION
In recent years, coalbed methane (CBM), a clean energy source, has gained significant global attention (Wu et al., 2017; Zhou et al., 2021; Li et al., 2022). The development of CBM can effectively alleviate energy crises and improve mining conditions. The accurate elucidation and prediction of coal permeability evolutions during the extraction process are crucial for determining CBM production rates, optimizing extraction methods, and mitigating environmental impacts associated with CBM production.
Compared with conventional gas reservoirs, coal typically exhibits dual-porosity characteristics with complex and heterogeneous pores and fractures. These features contribute to the significantly more complex geomechanical responses observed in CBM reservoirs (Thararoop et al., 2012; Chen et al., 2014). In the dual-porosity structure of coal, the pores mainly serve as storage media and have a weak capacity for flow. The flow and exchange of methane mainly occur within the fracture network of coal, making it the primary determinant of coal permeability. Additionally, the fracture structure of coal is prone to alteration under stress, leading to stress-sensitive permeability of coal (Wang, et al., 2022; Li et al., 2023; 2024). Therefore, elucidating and predicting the evolution of coal permeability under stress is crucial for the efficient extraction of CBM (Xu et al., 2016; Du et al., 2022).
Numerous researchers have conducted various experimental and theoretical studies to explore the evolution of coal permeability under stress. For example, Meng et al. (2015) conducted experiments to measure the porosity and permeability of anthracite coal under different confining stresses and investigate the correlations between porosity, permeability, and effective stress. The results revealed that both the porosity and permeability of the coal decreased exponentially with increasing effective stress. Additionally, Xue et al. (2017) conducted a series of gas-permeability tests to investigate the evolution of coal permeability under different loading and unloading confining stress paths. The results indicated that coal permeability decreased with increasing confining stress, and the reduction rate was higher for coal samples with higher initial permeability. Moreover, with increasing axial strain, the coal permeability first decreased and then rapidly increased. Furthermore, Shi et al. (2018) conducted flow experiments on coal samples under both constant confining stress and effective stress conditions, respectively. Additionally, a mathematical model was developed to describe the observed permeability evolution of coal under stress loading. The results revealed that permeability in both constant confining and constant effective stress tests was primarily determined by the fracture structure. Moreover, Chao et al. (2019) investigated the permeability evolution of coal fracture under different axial stress conditions, temperature, moisture content, and pore stresses using a self-designed experimental device. The results revealed that both permeability and porosity are negative exponential functions of axial stress. Wang et al. (2019) conducted permeability measurement tests for coal samples under varying confining stress, axial stress, and gas stress conditions to examine the effect of cleat and bedding structures on coal permeability. The results revealed that the presence of cleat and bedding structures within the coal samples led to anisotropic permeability. Du et al. (2021) performed laboratory experiments to investigate the evolution of porosity–permeability in confined coal during the relief of axial and confining stresses. The results indicated that the application and removal of stress significantly affected the inter-particle stress, porosity, and permeability of confined coal. Yang et al. (2021) experimentally investigated the permeability and damage characteristics of raw coal under tiered cyclic loading and unloading confining stresses. The results revealed that the coal permeability decreased with increasing confining stress and numbers of loading and unloading cycles. Zhao et al. (2021) used laboratory experiments and numerical modeling to examine the evolution of coal permeability under different confining stress and gas stress. The results indicated that the coal permeability decreased with increasing gas stress, while the effective stress remained constant. Li et al. (2021) conducted gas seepage experiments under triaxial loading to investigate the combined effects of confining and axial stresses, moisture content, and gas stress on the evolution of coal permeability. The results revealed that the effect of confining stress on the permeability of gas-containing coal samples was more significant compared with axial stress. Xiao et al. (2021) developed a modified permeability model and conducted permeability tests under different confining stresses to systematically evaluate the anisotropic evolution of the stress sensitivity for permeability. The results revealed that the natural fracture system of coal exhibited complex heterogeneity, leading to varying compressibility of the fractures in various directions and significant anisotropic permeability.
These studies have focused on investigating the evolution of the pore-fracture structure and the associated flow and mechanical behavior of coal under confining stress loading. Although these studies have provided valuable insights into enhancing the efficient and sustainable extraction of CBM, they have not addressed the complex geological conditions in underground coal mines. The data from coal production and laboratory experiments indicated that the underground coal was subjected to in situ true triaxial stress conditions, which significantly influenced the behavior and properties of flow and mechanics in coal (Chen et al., 2018; Liu et al., 2019a). However, to date, reports on the permeability evolution of coal rock under true triaxial stress loading are relatively few. Relevant research has mainly focused on experimental measurements, and theoretical mathematic models for describing permeability evolution are also rare. For example, Liu et al. (2018) conducted a series of permeability measurements on cubic coal samples with anisotropic flow channels under true triaxial stress loading and investigated the permeability evolution during the loading. The results revealed that anisotropic permeability data measured under true triaxial loading were well represented by an exponential equation containing different mean cleat compressibility and stress terms. Liu et al. (2019b) investigated the directional permeability evolution of intact and fractured coal during triaxial and true triaxial loading under both dry and water-saturated conditions. The results indicated that the fractured coal exhibited significantly higher permeability anisotropy than the unfractured coal, and permeability reduction was more significant in the direction perpendicular to the maximum principal stress. Therefore, further research is still required to investigate the effect of stress on the flow behavior of fluids during true triaxial loading and associated underlying mechanisms.
In this study, flow experiments were conducted on six cylindrical coal samples with single fractures and four cubic coal samples with complex fracture networks under both confining stress and true triaxial stress loading conditions, respectively. The interior fracture structure of the coal samples was detected using the CT scanning system. Regarding the collected CT images, the characteristic parameters of fracture were obtained through image processing and analysis technology. Moreover, the evolution of coal permeability under the two types of loading processes was calculated through the transient pulse method. Additionally, a mathematical model was developed based on fractal theory to assess the evolution of coal permeability under true triaxial stress loading. Finally, the accuracy and applicability of the developed mathematical model were confirmed through comparison with the experimental results and an SD model.
2 MATERIALS AND METHODS
2.1 Materials
Flow experiments were conducted on six cylindrical coal samples with single fractures and four cubic coal samples with complex fracture networks under both confining and true triaxial stress loading conditions, respectively. These samples were obtained from the Xichenzhuang coal mine in Jincheng City, Shanxi Province, China. The results of the industrial analysis for the coal samples are shown in Table 1. The mineralogical compositions of the coal sample were detected via X-ray diffraction (D8 Advance, State Key Laboratory of Coal Mine Disaster Dynamics and Control, Chongqing University). The results revealed that the selected coal samples mainly consisted of 64.96% kaolinite, 16.22% illite, 9.11% quartz, 5.71% dolomite, and 4% pyrite and calcite. Additionally, the selected coal sample exhibited a density of 1.31 g/cm3.
TABLE 1 | The results of industrial analysis for the given samples.
[image: Table 1]All cylindrical coal samples were cut from a single coal block without macro fractures and had a volume of π × 25 × 25 × 50 mm3. Moreover, all cubic coal samples were cut from the same coal block and had a volume of 50 × 50 × 100 mm3 (Figure 1). The Brazilian split method was used to generate single fractures in all cylindrical coal samples. The surfaces of all samples were carefully polished to minimize the surface roughness (<0.01 mm), which helps to reduce the end effects. Furthermore, all samples were dried for 24 h at 78°C to prevent any residual liquid from influencing the flow experiments.
[image: Figure 1]FIGURE 1 | The selected cylindrical and cubic coal samples, in which the single fracture in all cylindrical coal samples is generated by the Brazilian split method.
2.2 Experimental apparatus and procedures
The flow experiments were conducted using the experimental system (RTX-3000, GCTS Company, the USA) for high-temperature and high-stress rock mechanics under both confining and true triaxial stress loading conditions (Figure 2). The system was mainly used to assess the mechanical properties and flow characteristics of rock, concrete, and coal under complex stress conditions. The testing system exhibited a maximum axial stress capacity of 3000 kN, a maximum horizontal stress capacity of 200 MPa, a maximum confining stress capacity of 200 MPa, a maximum pore fluid pressure of 200 MPa, and a maximum temperature of 200°C. Further details about the experimental apparatus are available in other sources (Peng et al., 2019; 2020).
[image: Figure 2]FIGURE 2 | RTX-3000 experimental system of high-temperature and high-stress rock mechanics. Note that the yellow, red, and blue arrows represent the loading directions of the three principal stresses of σ1, σ2, and σ3 during the true triaxial flow experiments.
Before the flow test, the surfaces of both cubic and cylindrical coal samples were uniformly coated with silicone rubber and then wrapped with heat shrink tubing. Subsequently, the coal sample was installed into the loading cell, and the silicone oil was injected into the loading cell. Afterward, the initial stress condition was sequentially loaded onto the coal samples. For flow experiments conducted under true triaxial stress loading, the initial values for the three principal stresses (σ1, σ2, and σ3) and confining stress (σc) were set at 9, 6, 8, and 4 MPa, respectively. For flow experiments conducted under confining stress loading, the initial confining stress (σc) was set at 1.5 MPa. Finally, the flow experiments conducted under different stress conditions were conducted, and the loading paths of confining stress and true triaxial stress are shown in Figures 3A, B, respectively. During all flow experiments, the pore pressure was carefully maintained at a level lower than the confining stress to prevent the leakage of N2 from the contact area between the coal sample and heat shrink tubing.
[image: Figure 3]FIGURE 3 | Stress loading path. (A) The loading path for confining stress, (B) the loading path for true triaxial stress.
The detailed experimental steps for confining stress loading are as follows: 1) N2 was injected into the coal sample until the pressure at both the inlet and outlet of the experimental setup reached 1 MPa. 2) The outlet valve was opened to reduce the pressure at the outlet to 0 MPa. Subsequently, the outlet valve was closed to allow N2 flow through the coal sample, and the change in the pressure difference between the inlet and outlet of the apparatus was recorded under the initial stress condition. 3) The confining stress was increased (Figure 3A), and steps a) and b) were repeated to record the change in pressure difference between the inlet and outlet under different stress conditions.
The detailed experimental steps for true triaxial loading are as follows: 1) To explore the influence of principal stress σ1 on the permeability of the coal samples, a) N2 was injected into the coal sample until the pressure at both the inlet and outlet of the experimental setup reached 3 MPa. b) The flow experiment was conducted, and the change in pressure difference between the inlet and outlet was recorded under the initial stress condition before achieving equilibrium. c) The σ2 and σ3 values were set at 6 and 8 MPa, respectively. The σ1 was then gradually increased in intervals of 2–17 MPa, and steps a) and b) were repeated for each increment. 2) To explore the influence of principal stress σ2 on the permeability of fractured coal samples, a) σ1 and σ3 were maintained at 17 and 8 MPa, respectively. b) σ2 was gradually increased in intervals of 2–14 MPa. The flow experiment was conducted, and the change in the pressure difference between the inlet and outlet of the experimental setup was recorded under each stress condition. 3) To explore the influence of principal stress σ3 on the permeability of fractured coal samples, a) σ1 and σ2 were maintained at 17 and 14 MPa, respectively. b) σ3 was increased in an interval of 2–16 MPa. The flow experiment was conducted, and the change in the pressure difference between the inlet and outlet of the experimental setup was recorded under each stress condition.
In the experiment, the flow was assumed to be isothermal and adhered to Darcy’s law. The transient pulse method was used to measure the coal permeability under different loading conditions. The coal permeability was calculated based on the pressure difference between the inlet and outlet of the experimental setup under a specific stress condition, as Eq. 1 (Lin and Kovscek, 2014; Zhou et al., 2020).
[image: image]
where k represents the permeability of the coal sample, μ denotes the viscosity of N2, ϛ indicates the volume compressibility of N2, and V signifies the reference volume (0.0025 m3). ΔPi and ΔPf represent the initial and final pressure differences between the inlet and outlet, respectively. Δt denotes the duration of the N2 flow, A indicates the crossing area of the coal sample (0.025 m2), and L denotes the length of the coal sample (0.1 m).
2.3 Fracture structure characteristics
The internal images of all coal samples were obtained using the medical X-ray computerized tomography scanning system (SOMATOM Scope). The internal fractures were reconstructed using image processing technology such as a non-local means filter (Buades et al., 2008) and watershed segmentation (Jones et al., 2007) (Figure 4). The Avizo image processing tool was used to measure crucial fracture structure parameters, such as porosity ϕf, fracture aperture a, the azimuth and dip angle of fracture θ1 and θ2, and the maximum length of fracture branch (lmax), from the reconstructed coal sample fractures. During the flow experiments, the coal sample was oriented to align the flow direction parallel to the fracture surface. Therefore, the azimuth angle of fracture θ1 was 0°. The tortuosity of fracture τ, the fractal dimension of fracture Df, tortuosity fractal dimension of fracture DTf are defined as follows.
[image: Figure 4]FIGURE 4 | The reconstructed fracture. (A) The results for the coal sample with single fracture, and (B) the results for the coal sample with complex fracture networks.
The tortuosity of fracture τ is defined as the ratio of the fracture actual length Lt to the cell unit length L0 (Ghanbarian et al., 2013).
[image: image]
Yu and Cheng and Miao et al. concluded that the cumulative number N of fractures in natural rock, with a fracture length L greater than or equal to ≥l, follows the fractal scale relationship of Eq. 3 (Yu and Cheng, 2002; Miao et al., 2015a):
[image: image]
where Df represents the fractal dimension of fracture, with 1 < Df < 2 in two dimensions and 2 < Df < 3 in three dimensions. Differentiating Eq. 2 with respect to l yields the following Eq. 4.
[image: image]
As the ratio of minimum to maximum fracture length (lmin/lmax r) in natural rock was less than 0.01, the relationship between fractal dimension Df, lmin/lmax, and porosity ϕ can be described using the fractal theory of Eq. 5 (Yu and Li, 2001).
[image: image]
where dE represents the number of dimensions of the Euclidean space, with dE = 2 for two dimensions and dE = 3 for three dimensions.
Liu et al. (2016) and Li B. et al. (2016) indicated a relationship between the characteristic length of fracture L0, actual length Lt, fracture aperture a, and tortuosity fractal dimension DTf, expressed as follows:
[image: image]
where a = βln, β represents the proportionality coefficient, and its value generally ranges from 10–4 to 10–1. For self-similar fracture structures, n is equal to 1 (Klimczak et al., 2010; Torabi and Berg, 2011).
The characteristic parameters of single fractures and complex fracture networks are shown in Table 2. These parameters were used to predict the coal permeability.
TABLE 2 | Characteristic parameters of fracture inside the coal selected in the flow experiments.
[image: Table 2]3 RESULTS AND DISCUSSION
3.1 Permeability evolution under confining stress loading
The permeability evolution of single-fractured coal under different effective confining stresses is shown in Figure 5A. The findings indicated a negative power relationship (i.e., SD model) between fracture permeability and effective confining stress, and the fitting parameters are shown in Table 3. This suggests that the SD model effectively described the permeability evolution of single-fractured coal under confining stress loading. At low confining stress levels, the fracture underwent minimal compression, resulting in its highest permeability. As the confining stress increased, the fracture underwent further compression, leading to a gradual increase in the fluid flow resistance and a corresponding decrease in fracture permeability.
[image: Figure 5]FIGURE 5 | The evolution of permeability and aperture for single fracture coal. (A) Confining stress dependent permeability, in which the cube is experiment results and the dotted line is fitting results, (B) confining stress dependent fracture aperture.
TABLE 3 | The fitting function between permeability and effective confining stress.
[image: Table 3]According to the cubic law, which approximates the fluid flow inside a single fracture as a flow between two plates, the fracture aperture can be calculated, as illustrated in Figure 5B. The results revealed that during the first three loading steps, the fracture aperture decreased by ∼54.63%, 51.79%, 53.72%, 52.19%, 57.20%, and 57.83% of the total closure for SC1, SC2, SC3, SC4, SC5, and SC6 samples, respectively. Correspondingly, the permeability decreased by ∼43.49%, 38.06%, 45.80%, 39.52%, 40.81%, and 42.12% for samples SC1, SC2, SC3, SC4, SC5, and SC6, respectively. However, during the final three loading steps, the fracture aperture decreased by ∼19.26%, 20%, 22.49%, 23.08%, 18.26%, and 19.72% of the total closure for SC1, SC2, SC3, SC4, SC5, and SC6 samples, respectively. Moreover, permeability decreased by ∼22.91%, 22.15%, 24.29%, 26.93%, 23.93%, and 25.49% for samples SC1, SC2, SC3, SC4, SC5, and SC6, respectively. The results indicated that as the effective stress increased, fracture closure initially occurred more rapidly, slowed down, and then eventually tended to stabilize. This pattern suggests that with increasing confining stress, the permeability first rapidly decreased, followed by a gradual decrease, and eventually reached a constant value. Therefore, this phenomenon elucidates why the fractured coal exhibited a higher sensitivity to stress in permeability compared with intact coal.
3.2 Permeability evolution under true triaxial loading
Figure 6 illustrates the correlation between true triaxial stresses and the permeability of fractured coal. The findings indicated a consistent decrease in the permeability of fractured coal rock with increasing principal stresses (σ1, σ2, and σ3) across the three loading steps. Additionally, the loading of each principal stress σ1, σ2, and σ3 had different effects on fracture permeability. Particularly, the permeability of the ST1 sample decreased by ∼43.08%, 14.84%, and 42.08% during the entire loading process. Throughout the entire loading process, the permeability of the ST2 sample decreased by ∼65.74%, 14.29%, and 19.97%. Similarly, the permeability reductions for the ST3 sample were ∼34.03%, 55.85%, and 10.12%, while those for the ST4 sample were ∼35.97%, 46.51%, and 17.52% during the entire loading process. The permeability of ST1 was significantly sensitive to σ1 and σ3, while the permeability of ST2 was mainly sensitive to σ1. However, the permeability of ST3 and ST4 was influenced by both σ1 and σ2.
[image: Figure 6]FIGURE 6 | The evolution of permeability under true triaxial stress loading. (A) The results of ST1, (B) the results of ST2, (C) the results of ST3, (D) the results of ST4.
This sensitivity can be attributed to the complex fracture networks within the cubic sample, which exhibited varying crossing angles with each principal stress (Figure 7). The macro fractures within the ST1 sample exhibited a crossing angle of 0° with σ2, while the crossing angle between the fracture surface and σ1 and σ3 was equal. As σ1 or σ3 increased, the macro fractures within ST1 underwent compression, leading to a decrease in the permeability of the coal sample. Similar mechanisms were applied to elucidate the permeability evolution of TS2, TS3, and TS4 during the true triaxial stress loading (Figures 7B–D). Thus, the interaction between the dip and azimuth angles of the fractures and the true triaxial stress influenced the permeability of the fractured coal, resulting in anisotropic fluid flow within the coal. This suggests that the dip and azimuth angles of the fracture surfaces should be considered when developing a permeability model for coal rock with complex fracture networks.
[image: Figure 7]FIGURE 7 | The relationship between macro fracture distribution and true triaxial stress loading. (A) The result for ST1 sample, (B) the result for ST2 sample, (C) the result for ST3 sample, and (D) the result for ST4 sample.
3.3 Prediction of coal permeability
3.3.1 Initial permeability model
The complex fracture networks within coal rock are formed by the interconnection of single fractures. Therefore, elucidating the flow behavior within single-fracture samples is crucial for evaluating the flow properties in coal rock with complex fracture networks. The laminar flow between smooth platers (Figure 8A, with a dip angle of θ2 = 0°) followed cubic law of Eq. 7 (Nazridoust et al., 2006).
[image: image]
where a represents the fracture aperture, μ denotes the fluid viscosity, ΔP signifies the stress difference between the inlet and outlet of fluid flow, and l and Lt indicate the trace length and actual length of the fracture, respectively.
[image: Figure 8]FIGURE 8 | Schematic of a unit cell with single fracture. (A) The flat fracture, and (B) the curved fracture. In which, L0 is the length of cell unit, Lt0 is the straight-line length of the fracture, Lt is actual length of the fracture, a is the aperture of the fracture, and l is the trace length of fracture. And θ1 and θ2 are the azimuth and dip angle of the fracture, respectively.
The cubic law can be rewritten to account for the orientations of fractures, as follows (Miao et al., 2015b):
[image: image]
where θ1 and θ2 represent the azimuth and dip angles of the fracture, respectively. However, natural fractures in coal exhibited a rough and curved shape (Figure 8B). The relationship between straight-line length Lt0 and the actual length Lt of the curved fracture is defined by Eq. 6. The flow rate for the curved fracture (Figure 8B) can be expressed by substituting Eq. 6 into Eq. 8, as shown below.
[image: image]
The Newtonian fluid flow in porous media was described by Darcy’s law. Compared with the flow rate through the fractures, the flow rate within the coal matrix can be disregarded. Thus, the flow rate through the coal rock with single curved fractures can be calculated as follows:
[image: image]
Through a comparison of Eqs 9, 10, the permeability of coal with single curved fractures is expressed as follows:
[image: image]
hrough the substitution of a = βl into Eq. 11, the permeability of coal with single curved fractures is expressed as follows:
[image: image]
At a flow direction parallel to the single-fracture surface (Figure 8), the dip and azimuth angles of fracture were set to 0°. In the flow experiments under confining stress loading, the characteristic parameters of the coal fractures were selected, and the permeability of the single-fractured coal was predicted using Eq. 12 (Figure 9). The results revealed that the predicted permeability of single-fractured coal by Eq. 12 was consistent with the experiment data under a confining stress of 2 MPa. Additionally, the predictive permeability model for single-fractured coal samples provided a good basis for estimating the permeability of coal samples with fracture networks.
[image: Figure 9]FIGURE 9 | Comparison between the predicted value by Eq. 12 and the measured value of permeability for single-fractured coal under confining stress of 2 MPa.
According to the fractal geometry theory, the total flow rate through the complex fracture network can be calculated by integrating Eq. 9 across a range of minimum to maximum fracture length [lmin, lmax] (Xia et al., 2021).
[image: image]
Generally, for fracture networks in natural coal, with lmin/lmax<<1, Eq. 13 be simplified as Eq. 14:
[image: image]
The Newtonian fluid flow in porous media was elucidated through comparison with Darcy’s law (Eq. (10)). From this comparison, the permeability of the fracture network can be calculated as follows:
[image: image]
3.3.2 Permeability model under true triaxial loading
To quantitatively analyze the evolution of coal permeability during CBM extraction, numerous researchers have conducted various experiments and developed multiple predictive models to evaluate coal permeability under stress loading conditions. Among these models, the SD model (Eqs 16, 17, developed by Shi and Durucan (2004; 2005), emerged as the most classic and widely used approach. The permeability model assumes that the coal underwent linear elastic deformation upon exposure to triaxial stress loading, with compressibility mainly attributed to fractures.
[image: image]
[image: image]
where kf0 represents the initial permeability of the fractured coal, Cf denotes the compression coefficient of fracture, Cf0 represents the initial compression coefficient of fracture, and α represents the rate at which fracture compressibility decreases with increasing stress. In the SD model, σ represents the effective stress, while σ0 denotes the initial effective stress.
The SD model was widely used for both laboratory tests and field predictions. The experimental results of the single-fractured coal sample under confining stress loading in this study indicated a negative exponential correlation between coal permeability and effective stress. This correlation was consistent with the behavior predicted by the SD model. However, the SD model alone cannot capture the effect of each principal stress on rock permeability under true triaxial loading conditions. To address this limitation, Li et al. (2016) extended the SD model by developing a comprehensive model to assess rock permeability under true triaxial loading conditions, as Eqs 18–21:
[image: image]
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where σ1, σ2, and σ3 represent the principal stresses; σ10, σ20, and σ30 denote the initial principal stresses; Cf1, Cf2, and Cf2 indicate the corresponding fracture compressibilities; Cf10, Cf20, and Cf20 signify the corresponding initial fracture compressibilities; α1, α2, and α3 represent the rates at which fracture compressibility decreases with increasing principal stress.
The coal permeability under true triaxial loading was determined by substituting Eq. 15 into Eq. 18.
[image: image]
The permeability test results obtained under true triaxial loading conditions in this study were used to validate the improved permeability model for fractured coal rocks exposed to true triaxial stress conditions. To streamline the calculation, it was assumed that the corresponding fracture compressibility remained constant for each loading process of principal stress. These values were calculated by substituting the data from the true triaxial loading flow experiment into Eqs 16, 17. The results are shown in Table 4. Moreover, the coal permeability evolution under true triaxial loading was predicted using the improved model (Eq. (22)) (Figure 10). The results indicated that the improved permeability model successfully predicted the coal permeability evolution under true triaxial stress loading conditions. Additionally, compared with the SD model, the permeability changes predicted by the improved model were consistent with the loading process of each principal stress. This suggests that the improved model can accurately capture the anisotropic impact of each principal stress on coal permeability under true triaxial stress loading conditions.
TABLE 4 | Fracture compressibilities.
[image: Table 4][image: Figure 10]FIGURE 10 | The permeability versus the effective stress under true triaxial stress loading. (A) Results for ST1, (B) results for ST2, (C) results for ST3, (D) results for ST4. Here, red cubes, green dashed lines, and blue lines represent the experiment results, prediction by the SD model, and prediction by the improved permeability model in this paper, respectively. Note that effective stress is equal to the average principal stress minus the pore pressure.
4 CONCLUSION
We conducted flow experiments on six cylindrical coal samples and four cubic coal samples under confining stress and true triaxial stress loading conditions, respectively. The evolution of coal permeability during the loading of confining stress and true triaxial stress was analyzed. According to the current true triaxial permeability model and fractal theory, an improved model was developed to elucidate the anisotropic effect of each principal stress on the permeability of coal samples with complex fracture networks. The following conclusions can be drawn.
(1) During confining pressure loading, the permeability evolution of the coal sample with a single fracture decreased exponentially with increasing effective stress and was effectively described by the SD model. Additionally, under confining pressure loading, the coal permeability first rapidly decreased, followed by a gradual decrease, and eventually reached a constant value. During the first three loading steps, the fracture aperture and corresponding permeability of the six cylindrical coal samples decreased by ∼51.79%–57.83% and ∼38.06%–42.12%, respectively. However, during the final three loading steps, the fracture aperture and corresponding permeability of the six cylindrical coal samples decreased by ∼18.26%–23.08% and ∼22.15%–26.93%, respectively.
(2) Owing to the varying crossing angles of the complex fracture networks with each principal stress, the effect of each principal stress on the permeability evolution of coal with complex fracture networks was highly anisotropic during the true triaxial stress loading. During the loading of each principal stress, the permeability of the ST1 sample decreased by ∼43.08%, 14.84%, and 42.08% for σ1, σ2, and σ3, respectively. Similarly, the permeability of the ST2 sample decreased by 65.74%, 14.29%, and 19.97%. During the entire true triaxial loading, the permeability reductions for the ST3 sample were ∼34.03%, 55.85%, and 10.12%, while those for the ST4 sample were ∼35.97%, 46.51%, and 17.52%. The SD model failed to describe these anisotropic effects.
(3) The increase in principal stress parallel to the fracture surface had a minimal impact on coal permeability owing to the limited compression of the fracture. However, as the principal stress intersected the fracture surface at a specific angle, the subsequent increase in this stress significantly reduced the permeability of coal with complex fracture networks. Therefore, the dip and azimuth angle of the fracture surface should be incorporated into the permeability model for evaluating coal samples with complex fracture networks.
(4) Compared with the SD model, the improved model, based on the current true triaxial permeability model and fractal theory, effectively described the anisotropic effect of each principal stress on the permeability of coal samples with complex fracture networks.
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