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The fault rocks exhibit low strength, high deformability, and high porosity, making them prone to connecting with the coal seam floor and forming water-conducting channels under the influence of mining activities and aquifer water pressure. Investigating the water inrush mechanism in fault rocks beneath coal seam floors is crucial for ensuring the safety and efficiency of coal mining operations involving fault structures. A test was conducted on the seepage-creep coupling of fault rocks under various stresses, water pressures, and cementation strengths. Based on this, a spatial and temporal evolution model for the seepage-creep coupling characteristics of faulted rocks was developed. The results reveal that the evolution of volumetric strain, flow velocity, porosity, and permeability in the fault rocks can be divided into two stages: the creep compression stage and the expansion damage stage. During the creep compression stage, the samples exhibit more pronounced creep deformation, transitioning into the expansion damage stage earlier under conditions of increased axial pressure, reduced confining pressure, elevated water pressure, and decreased cementation strength. The simulation results align closely with the experimental data. From the creep compression stage to the expansion damage stage, the seepage-creep characteristics evolve gradually at first, followed by a distinct turning point upon entering the expansion stage. This turning point is marked by a rapid increase in volume, along with a sharp rise in flow velocity, porosity, and permeability. Spatially, the seepage-creep characteristics exhibit a non-uniform change from the inlet to the outlet, with expansion damage characteristics first appearing at the outlet. This research provides a theoretical basis for safe and efficient coal mining in fault-affected areas.
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1 INTRODUCTION
Water inrush frequently occurs during the coal mining process, often triggered by complex hydrogeological conditions and mining disturbances (Wu et al., 2011; Ma et al., 2022b). Water inrush at the coal seam floor is a primary form of water disaster in mines, particularly in coal seams with fault structures (Qian et al., 2018; Li et al., 2019b; Zuo et al., 2022; Duan et al., 2024). Fault rocks are characterized by low strength, high deformability, and high porosity (Sun et al., 2019; Ma et al., 2021; Yu et al., 2022). Stress disturbance from the advancing working face, combined with the water pressure (WP) from the aquifer, makes water-conducting channels more likely to intersect with the coal seam floor, thereby triggering water inrush disaster (Figure 1). Therefore, to ensure the safe and efficient extraction of coal from fault-affected areas, it is essential to investigate the seepage-creep coupling characteristics and further elucidate the mechanism behind water inrush in fault rocks beneath the coal seam floor.
[image: Figure 1]FIGURE 1 | Schematic diagram of water inrush in fault rocks beneath the coal seam floor.
The water inrush mechanism of faults at the coal seam floor has been extensively studied by numerous scholars using laboratory tests, numerical simulations, and other methods (Ma et al., 2020; Nemati et al., 2021; Hou et al., 2024). Zhou et al. (2018) developed a typical water inrush model for faults and analyzed the stress concentration at the fault tip using finite element and fracture mechanics methods. They found that lower WP can lead to fault shear compression and rupture, triggering water inrush, while higher WP is more likely to cause shear rupture at the fault tip, also resulting in water inrush. Du et al. (2021) constructed a coupled stress-seepage theoretical model and employed the finite difference method to simulate water inrush under the combined influence of high stress and WP. Their results showed that fault water inrush during mining evolved from stress stabilization to concentration and, ultimately, stress release. Liu et al. (2017) developed a conceptual engineering geology model based on specific coal mine geological conditions. They investigated the formation of the conductive rise height of pressurized water along the fault fracture zone and proposed a time-dependent water inrush mechanism for fault rocks beneath the coal seam floor. Li et al. (2022) assessed the risk of water inrush under the coal seam floor using the vulnerability index method, describing fracture structure development with fractal dimensions, and identifying key factors controlling water inrush. While scholars predominantly focus on the mechanical and seepage characteristics of fault rocks and inrush fracture development (Wu J. et al., 2023; Wu R. et al., 2023), there remains insufficient exploration of the seepage-creep coupling behavior of fault rocks under mining disturbances and aquifer pressure. Additionally, the expansion damage characteristics of rocks during the later stages of creep are often overlooked.
Fault rocks in practical scenarios are influenced by stress disturbance caused by the advancing working face and the WP of the aquifer, leading to complex seepage and creep behavior (Brantut et al., 2013; Wang et al., 2021; Hou et al., 2023; Ma et al., 2023; Wu et al., 2024). This disturbance compromises the stability of the rock, making water inrush disasters more likely. To mitigate this phenomenon, scholars have conducted extensive research on the seepage and creep characteristics of fault rocks (Li et al., 2021; Wang and Cai, 2022; Wu et al., 2025). Regarding seepage characteristics, Liu et al. (2021) studied the seepage behavior of fractured sandstone, gangue, and tuff using the axial displacement control method. They presented relationships between the pore WP gradient and seepage velocity of colluvial rock samples under various axial pressure (AP) levels and explored how changes in porosity affect seepage. Yu et al. (2016) examined the effects of rock characteristics, AP, grain size distribution, and loading method on the seepage properties of saturated fractured rock using the MTS816.03 test system and a seepage testing apparatus. Ma et al. (2022c) developed a water-rock-sand three-phase flow model to simulate the evolution of hydraulic characteristics in fault rocks during water-sand inrush. Their results indicated that, as seepage progressed, rock particles at the outlet were the first to flow out. With increasing porosity and permeability, the water-sand outflow rate accelerated, ultimately leading to water inrush. Pang et al. (2022) investigated the seepage characteristics of fractured sandstone under triaxial stress using a self-developed test system and established a relationship between effective stress and seepage velocity that was well-matched with the Forchheimer equation. In terms of rock creep characteristics, Mansouri and Ajalloeian (2018) studied the mechanical properties of salt rock at different loading rates through uniaxial creep compression tests. Their findings showed that axial peak stress, axial peak strain, and elastic modulus increased with the loading rate. Zhang et al. (2021) conducted triaxial cyclic loading and unloading creep tests on granite and proposed a nonlinear elastic-plastic creep model incorporating multiple deformation components. However, most of the studies mentioned have only explored the damage mechanisms of fault rocks in terms of either seepage or creep (Wu et al., 2019; Wu et al., 2020; Yan et al., 2020; Zhou et al., 2020). In actual engineering practice, fault rocks are often subjected to the combined effects of both processes. Therefore, it is essential to study the water inrush characteristics of fault rocks under the coupled influence of seepage-creep.
In summary, significant progress has been made in studying the seepage and creep characteristics of rock masses influenced by factors such as WP, particle size, water content, and ground stress. However, the coupled seepage-creep behavior of fault rocks beneath coal seam floors remains underexplored. Specifically, the mechanism driving the expansion and damage of fault rock masses in the later stages of creep is not well understood.
In this study, we conducted tests on the coupled seepage-creep behavior of fault rocks under varying stress conditions, water pressure, and cementation strengths. A model was developed for the spatio-temporal evolution of seepage-creep coupling in faulted rocks. The study reveals the evolution patterns of these characteristics within the rock mass of the fault zone. These findings provide a theoretical foundation for the safe and efficient mining of coal in faulted areas.
2 MATERIALS AND METHODS
2.1 Samples preparation
Fault rocks exhibit characteristics such as low strength, high deformability, and high porosity (Li et al., 2019b), which make it challenging to collect in situ samples. To obtain samples with mechanical properties similar to those of fault rocks, a geotechnical method was used for preparation. Studies have shown that the mechanical and hydraulic properties of weakly cemented rock bodies can be accurately modeled using samples created by mixing sand, cement, gypsum, and water (Huang et al., 2019; Li et al., 2019a). Therefore, in this study, the samples were primarily composed of rock particles, cement, gypsum, and water, with the cementation strength (CS) varied by adjusting the ratio of cement to lime. The rock particles were sourced from the Kekegai Coal Mine in Yulin City, Shaanxi Province, China. Laboratory tests indicated that the natural density of the rock was 2.532 × 103 kg/m3. The rock was initially crushed into particles smaller than 15 mm using a crusher, and five particle size groups (0–3 mm, 3–6 mm, 6–9 mm, 9–12 mm, and 12–15 mm) were screened using a high-frequency vibrating screen. The rock particles of different sizes were then uniformly mixed according to the Fuller equation (Fuller and Thompson, 1907):
[image: image]
where [image: image] is the percentage of the rock mass with particle size smaller than [image: image]; [image: image] is the maximum particle size of rock particles in group [image: image]; [image: image] is the maximum particle size of all rock particles; the grading index, [image: image], is set based on the actual engineering conditions at the site, with [image: image] = 0.5.
Table 1 presents the specific parameters of the fault rock samples. Each sample had a cylindrical shape with a diameter of 70 mm and a height of 140 mm. The total mass of rock particles was 750 g. According to Equation 1, the masses of the individual rock sample groups were 335.41 g, 138.93 g, 106.61 g, 89.87 g, and 79.18 g, respectively. The total mass of cement in each sample was 250 g, with the cement-to-gypsum weight ratios being 3:1 (high CS), 1:1 (medium CS), and 1:3 (low CS) (Ma et al., 2021; Wu et al., 2022).
TABLE 1 | Sample parameters of fault rock mass.
[image: Table 1]2.2 Test system
Figure 2 illustrates the test system used to study seepage-creep coupling characteristics of fault rock. The system consists primarily of a simulation chamber, an AP control system, a confining pressure (CP) control system, a WP control system, an auxiliary system, and a data acquisition system.
[image: Figure 2]FIGURE 2 | The test system for studying the seepage-creep coupling characteristics of fault rocks includes the following parameters: AP (axial pressure), CP (Confining pressure), and WP (Water pressure).
The experimental setup included a simulation chamber designed to load samples, capable of withstanding a maximum pressure of 20 MPa and a temperature of 150°C. The internal sample dimensions are Φ70 × 140 mm.
The AP control system, comprising an AP pump, consisting of an AP pump, pressure sensor, displacement sensor, and auxiliary pipelines, applied and monitored the AP, recorded its magnitude, and tracked the axial deformation of the samples. The AP pump operates within a pressure range of 0–50 MPa and includes an overpressure shutdown feature. The pressure sensor has a range of 0–50 MPa with an accuracy of 0.001 MPa, while the displacement sensor has a range of 0–20 mm with an accuracy of 0.01 mm.
The CP control system includes a CP pump, pressure sensor, safety valves, and auxiliary pipelines. The CP pump operates within a pressure range of 0–20 MPa, with all other parameters and functions identical to those of the AP control system.
The WP control system comprises a water injection pump, storage tank, flow meter, buffer container, safety valve, and auxiliary pipelines. The pump’s flow rate is regulated by a frequency converter, with the flow rate adjustable between 200 and 2000 mL/min. The water injection pressure ranges from 0 to 10 MPa, and the working flow rate is between 0 and 120 L/h. The maximum capacity of the water storage tank is 100 L. A turbine flowmeter monitors the flow rate throughout the test, with a range of 0–50 mL/min, and a maximum water pressure capacity of 10 MPa.
The auxiliary system played a critical role in ensuring the smooth and efficient execution of the test. The data acquisition system, which integrates multiple sensors, software for information gathering, and high-performance computing, processed the collected data to generate reports on various parameters, including AP, CP, and flow rates.
2.3 Test design and procedures
2.3.1 Test design
The seepage creep behavior of fault rocks beneath the coal seam floor is influenced by stress disturbances and seepage pressure, presenting a complex dynamic (Kang et al., 2023). To accurately replicate the water inrush process, the test focused on evaluating the effects of AP, CP, WP, and CS on the coupled rock seepage and creep characteristics. The test was conducted at ambient temperature using water as the working fluid, with three samples prepared for each group to minimize experimental errors. Details of the specific test plan are provided in Table 2.
TABLE 2 | Test plan of seepage-creep coupling characteristics of fault rocks.
[image: Table 2]Groups 1, 2, and 3 were conducted under the same CP, WP, and bonding strength. AP was varied as a parameter to analyze its influence on the seepage-creep coupling characteristics of fault rocks. As shown in Table 2, the APs for these samples were set to 12 MPa, 16 MPa, and 20 MPa, with a CP of 3 MPa, a WP of 1 MPa, and a cement-to-gypsum weight ratio of 1:1.
Groups 4, 5, and 6 were conducted under the same AP, WP, and CS conditions. CP was varied to assess its impact on the seepage-creep coupling characteristics. As shown in Table 2, the CPs for these samples were set to 0.5 MPa, 1 MPa, and 1.5 MPa, with an AP of 16 MPa, a WP of 1 MPa, and a cement-to-gypsum weight ratio of 1:1.
Groups 7, 8, and 9 were conducted under the same AP, CP, and CS conditions. WP was varied to evaluate its influence on the seepage-creep coupling characteristics. As shown in Table 2, the WPs for these samples were set to 0.5 MPa, 1 MPa, and 1.5 MPa, with an AP of 16 MPa, a CP of 3 MPa, and a cement-to-gypsum weight ratio of 1:1.
Groups 10, 11, and 12 were conducted under the same AP, CP, and WP, and the influence of surrounding rock strength on the seepage-creep coupling characteristics was analyzed by varying the CS. As shown in Table 2, the cement-to-gypsum weight ratios for these samples were set to 1:3, 1:1, and 3:1, with an AP of 16 MPa, a CP of 3 MPa, and a WP of 1 MPa.
2.3.2 Test procedures
The specific test steps are as follows:
(1) Test preparation: The samples were carefully prepared and polished with sandpaper to achieve the smoothest, flattest surface possible. The selected specimen was then inserted into the simulation chamber, with filter plates placed at both the top and bottom. After sealing, the “flange up” knob was engaged to gently raise the lower flange. The necessary pipelines were connected, and the chamber was securely sealed with bolts. Before starting the test, the system was activated to verify the operational status of all components.
(2) Stress loading: The AP pump was activated, and the samples were preloaded with 0.1 MPa of AP to stabilize the specimens in the simulation chamber. The CP pump was then initiated, loading both AP and CP to the predetermined value as outlined in the test plan, ensuring stability.
(3) WP loading: Once the AP and CP reached the desired values, the WP pump was activated to load the WP to the set value specified in the test plan, maintaining stability.
(4) Data recording and processing: After completing these steps, parameters such as axial displacement, annular displacement, and flow rate were recorded using the data acquisition system, and the initial data report was compiled.
(5) Post-test treatment: The WP, CP, and AP pumps were sequentially deactivated to stop pressure application. The air compressor was then activated to aerate the simulation chamber, and the fluid was evacuated to normalize the pressure. The securing bolts were removed, the “flange down” button was engaged, and the simulation chamber was opened to extract the specimen for photographic documentation. Finally, both the test system and chamber were thoroughly cleaned.
2.4 Parameter calculation
2.4.1 Volumetric strain
In this work, the initial time of the seepage-creep coupling test is denoted as [image: image], and the axial strain and circumferential strain of the samples at time [image: image] are defined as follows (Li et al., 2024):
[image: image]
[image: image]
where [image: image] and [image: image] represent the height and diameter of the samples at [image: image]; [image: image], and [image: image] represent the height and diameter of the samples at [image: image]; [image: image] denotes the axial displacement; [image: image] represents the circumferential displacement of the samples.
The volumetric strain of the samples at time [image: image] is the sum of the principal strains in the three other directions, and [image: image], The calculation formula for volumetric strain is (Li et al., 2024):
[image: image]
2.4.2 Flow velocity
The seepage flow velocity at each time during the test, as recorded by the data collection system, can be used to calculate the seepage velocity of the fluid at time [image: image] as follows:
[image: image]
where [image: image] is the instantaneous flow rate of the fluid at time [image: image]; [image: image] is the cross-sectional area through which the fluid flows. The circumferential deformation of the samples is neglected.
2.4.3 Porosity
Porosity is a key parameter used to characterize the development of the pore structure in fault rocks, directly influencing the seepage-creep coupling behavior of these rocks (Ma et al., 2022a). The porosity of the samples at the initial time can be calculated by the following definition:
[image: image]
where [image: image] is the initial pore volume; [image: image] is the sample skeleton volume; [image: image] and [image: image] are the saturated and dry weights of the samples; [image: image] is the density of water.
Due to the direct impact of volumetric strain on porosity evolution during the deformation of fault rocks, if the skeletal volume of the rock mass remains constant and all volume deformation results from changes in pore volume, the deformation amount is denoted as [image: image]. Consequently, the sample’s volume strain can be expressed as:
[image: image]
The porosity of the deformed sample is given by:
[image: image]
By substituting Equations 6, 7 into Equation 8, the relationship between volume strain and porosity change is obtained:
[image: image]
Substituting Equation 4 into Equation 7 yields the porosity of the samples at time [image: image]:
[image: image]
2.4.4 Permeability
The seepage behavior of fault rocks can be described by Darcy’s law (Gao et al., 2022; Gao et al., 2023):
[image: image]
where [image: image] is the hydraulic gradient of the fluid; [image: image] is the dynamic viscosity coefficient of the fluid; [image: image] is the permeability of the rocks. Substituting Equation 5 into Equation 11, the permeability of the samples at time [image: image] can be expressed as:
[image: image]
where [image: image] and [image: image] are the WPs at the outer and inner surfaces of the samples, respectively. Since the fluid outlet is connected to the atmosphere, [image: image] = 0.
3 TEST RESULTS
3.1 Effect of AP on seepage-creep coupling characteristics
Figure 3 illustrates the evolution of seepage-creep coupling characteristics in the samples under varying APs. This evolution is divided into two distinct stages: the creep compaction stage and the expansion failure stage.
[image: Figure 3]FIGURE 3 | Variation in seepage-creep coupling characteristics of fault rocks under different Aps: (A) Volumetric strain, (B) Flow velocity, (C) Porosity, and (D) Permeability.
In the creep compaction stage, the bulk modulus of the samples gradually increases, while the flow velocity, porosity, and permeability decrease concurrently. This trend suggests that the volumetric expansion, induced by pore pressure, is overshadowed by compaction due to triaxial stress, which reduces the internal pore structure and constricts the seepage pathways. As the effects of pore pressure and triaxial stress on the volumetric strain of the rocks converge, the rate of change in hydraulic parameters slows down during this stage.
In the expansion failure stage, a rapid change in both mechanical and hydraulic parameters signifies the irreversible deformation of the rock samples. The internal pore structure progressively widens, forming an interconnected network of cracks, and the seepage pathways significantly expand. This stage is accompanied by an increased likelihood of water inrush, due to the swift changes in hydraulic parameters and extensive deformation of the surrounding rock mass over a short period.
Figure 3A shows the volumetric strain (Equations 2–4) evolution of the samples under different APs. Taking compression deformation as positive, the volumetric strain initially increases and then decreases rapidly with time. Higher APs lead to a faster increase in volumetric strain and earlier dilatation failure. This is due to the compaction effect of AP on the internal pore structure, which contrasts with the effect of pore pressure on the expansion of the internal pore structure. Both the compression of volume and the variation rate of this compression are marginal, delaying the occurrence of expansion damage. As AP increases, the volumetric strain rate of the rocks after dilatation becomes more pronounced, indicating more severe rock failure.
Figure 3B shows the evolution of flow velocity under different APs. Initially, the fluid velocity decreases with increasing AP, as a result of a higher degree of compaction and lower permeability at the initial moment. The velocity decreases initially and then increases rapidly over time. The larger the AP, the faster the velocity decreases in the compaction stage and the earlier it increases. This is because the decrease in porosity caused by AP is greater than the increase in porosity due to pore pressure, leading to a downward trend in fluid velocity during this stage. In samples with smaller APs, less volume compaction occurs, resulting in a lower likelihood of rock dilatation failure. Consequently, the rise in flow velocity is delayed, and the variation is smaller.
The porosity evolution (Equation 10) of each sample under different APs is presented in Figure 3C. The porosity of the samples initially decreases and then increases rapidly as time progresses. Higher APs cause a greater initial decrease in porosity and earlier occurrence of the increase. Under the same pore WP, the compaction volume of the samples increases with axial stress, leading to earlier crack formation and more severe damage. With lower APs, compaction deformation is small, and the flow is inhibited by the pore WP, resulting in more modest changes in flow velocity. The turning point of the flow velocity is thus delayed.
The variation in permeability (Equation 12) under different APs is shown in Figure 3D. The changes in permeability follow a similar trend to those in porosity. The variation in permeability is more pronounced and the time of increase is earlier with higher APs. This is because the volume compaction is stronger and the inhibitory effect of pore pressure is weaker under higher APs. Conversely, at lower APs, the inhibitory effect of pore pressure is more significant, leading to gentler changes in permeability and a delayed increase during the creep compaction stage.
3.2 Effect of CP on seepage-creep coupling characteristics
The variation in volumetric strain for each sample under different CPs is shown in Figure 4A. Initially, the volumetric strain of all the samples increases, followed by a rapid decrease over time. Under high CP, the variation in volumetric strain stabilizes, and the turning point occurs later. In contrast, when the CP is low, the variation amplitude of volumetric strain is larger, and the downward trend occurs earlier. Due to the inhibition effect of CP on volumetric deformation, the deformation decreases, and the onset of expansion damage is delayed as CP increases.
[image: Figure 4]FIGURE 4 | Variation in seepage-creep coupling characteristics of fault rocks under different CPs: (A) Volumetric strain, (B) Flow velocity, (C) Porosity, and (D) Permeability.
The evolution of flow velocity for each sample under different CPs is shown in Figure 4B. Over time, the flow velocity initially decreases slightly, then stabilizes, and finally increases significantly. The suppressive effect of higher CP on volumetric strain results in slower changes to the internal pore structure, with the sample’s porosity remaining relatively constant. Consequently, the onset of rock expansion damage is delayed. When CP is low, the suppressive effect weakens, leading to greater volume deformation and earlier onset of creep damage.
Figure 4C illustrates the porosity evolution for each sample under different CPs. The changes in porosity follow a similar trend across all samples, initially decreasing before rising rapidly with time. In samples subjected to higher surrounding pressures, porosity changes more gradually, and the increase in porosity occurs later. This is due to the inhibitory effect of CP on sample deformation, which protects the sample, making it less likely to expand or experience damage.
Figure 4D presents the variation in permeability for each sample under different CPs. The permeability change is more gradual, and the rise occurs later with higher CPs. Conversely, when CP is low, the permeability change is more pronounced, and the upward trend appears earlier. This behavior is also attributed to the protective effect of CP on sample deformation.
3.3 Effect of WP on seepage-creep coupling characteristics
The variation in volumetric strain for each sample under different WPs is shown in Figure 5A. It can be observed that the volumetric strain of the fault rocks generally increases for most of the test duration, followed by a rapid expansion. As WP increases, the onset of rock expansion is slightly delayed. However, by the end of the test, the volumetric strain is greater under high WP, due to the larger pore pressure generated within the samples. This pore pressure resists deformation caused by the applied triaxial stresses, thus delaying the occurrence of expansion damage. Once dilatation occurs, the degree of damage to the rock samples increases with higher WP, and the growth rate of penetrating cracks accelerates, resulting in a larger volumetric strain.
[image: Figure 5]FIGURE 5 | Variation in seepage-creep coupling characteristics of fault rocks under different WPs: (A) Volumetric strain, (B) Flow velocity, (C) Porosity, and (D) Permeability.
Figure 5B presents the change in flow velocity during the tests under different WPs. The initial fluid velocity increases with WP. The velocity first decreases to a steady state before undergoing a large increase, which aligns with the observations in the previous section. Notably, during the creep compression stage, the decline in flow velocity is slower with higher WP. Although the delay in rock expansion is gradual and slight, the flow velocity remains higher overall and increases more sharply during the expansion damage stage. This suggests a higher likelihood and risk of water inrush hazards.
Figure 5C shows the variation in porosity during the test under different WPs. In the creep compression stage, the rate of porosity decline is slower with higher WP, and the onset of porosity increase is delayed. This can be attributed to the higher pore pressure associated with increased WP, which enhances the compressive stress response in the samples. However, once rock dilatation occurs, the rate of porosity increase accelerates with higher WP, indicating that higher WP induces more intense rock damage, leading to the rapid formation of additional pore structures inside the samples.
The permeability evolution under different WPs is shown in Figure 5D. The permeability of the samples initially decreases to a stable state, then increases sharply, which is consistent with the porosity variation. However, the permeability changes are similar across different WPs, as higher internal fluid velocities under larger pressures result in less variation in permeability.
3.4 Effect of CS on seepage-creep coupling characteristics
Figure 6A illustrates the variation in volumetric strain for samples with different CSs. It is evident that, as CS decreases, the samples experience greater volumetric deformation during the compressive creep stage, and the rocks become more prone to expansion. Strongly cemented samples exhibit smaller volume changes due to the stronger inter-particle bonding. In contrast, samples with low CS have weaker cementation forces, making the rocks more susceptible to volumetric deformation, resulting in a larger magnitude of change and earlier rock expansion failure.
[image: Figure 6]FIGURE 6 | Variation in seepage-creep coupling characteristics of fault rocks under different CSs: (A) Volumetric strain, (B) Flow velocity, (C) Porosity, and (D) Permeability.
The variation in flow velocity for samples with different CSs is shown in Figure 6B. For samples with strong cementation, the velocity fluctuations are smaller, and the sudden increase in fluid speed is delayed. This is due to the strong cementation, which impedes the displacement of internal rock particles. Additionally, the gypsum absorbs water and swells, reducing the pore volume and leading to a higher initial flow velocity in the samples with higher cementing strength.
Figure 6C presents the variation in porosity for samples with different CSs. It can be observed that initial porosity increases with higher cementing strength, influenced by the type of cementing material used in the tests. As the test progresses, the porosity increases significantly earlier in the lower cementing strength samples, indicating the formation of penetration fractures and expansion damage. In contrast, higher cementing strength samples, with more cement content, are less prone to internal particle displacement, resulting in later onset of expansion damage.
Figure 6D shows the variation in permeability for samples with different CSs. The time required for samples to undergo expansion damage increases with higher cementing strength. This is due to the stronger forces between particles in higher CS samples, which make the rock particles more resistant to displacement under the combined effects of seepage and stress.
4 SPATIO-TEMPORAL EVOLUTION OF SEEPAGE-CREEP CHARACTERISTICS OF FAULT ROCKS
4.1 Model construction
To further investigate the evolution of the seepage-creep coupling characteristics of fault rocks, it is essential to establish a seepage-creep coupling model based on the actual characteristics of the fault beneath the coal seam floor during a water inrush disaster.
4.1.1 Model assumption
The following assumptions are made to simplify the analytical process:
(1) It is assumed that there is no migration of rock particles during seepage and that fluid flows in one direction, following Darcy’s law.
(2) It is assumed that the internal porosity of the weakly cemented rock mass represents the effective porosity, meaning the internal pores are interconnected with the external environment and are filled with water during seepage.
(3) It is assumed that the fault rocks are homogeneous, continuous, and isotropic.
4.1.2 Governing equation
In this context, the creep strain during the creep compression stage is derived from the Kelvin model under triaxial compression (Ren et al., 2022), and its vector form can be expressed as:
[image: image]
where [image: image] is the Poisson’s ratio; [image: image] is the Kronecker delta function; [image: image] is the stress in the j-direction; [image: image] is Young’s modulus at the creep limit; [image: image] is the viscosity coefficients of generalized Kelvin bodies.
By substituting Equation 13 into Equation 4, the formula for the volumetric strain of rock under triaxial stress can be derived as follows:
[image: image]
where [image: image] is the base vector.
Considering the characteristics of rock expansion damage, a damage coefficient quantifies the degree of rock expansion is introduced (Li et al., 2024):
[image: image]
where [image: image] is the damage coefficient for the rock expansion section; [image: image] is the time corresponding to the transition from the creep compression stage to the expansion damage stage; [image: image] is the material constant for the rock, empirically taken as [image: image].
According to Tan (1983), the following constitutive equation describes the rock expansion phenomenon:
[image: image]
where [image: image] denotes the volumetric strains due to rock spreading; [image: image] is the second invariant of the stress tensor; [image: image] and [image: image] are the parameters of the rock; [image: image] is bias tensor; [image: image] is the damage coefficient at the initial moment of the amplification phenomenon; [image: image] is a function related to the stress invariant; [image: image] is the hydrostatic tensor, with [image: image].
By substituting the expression [image: image] with the damage coefficient introduced in Equation 15, we have:
[image: image]
To simplify the calculation, let [image: image] and [image: image]. The viscoelastic elastomer strain is then expressed as:
[image: image]
where [image: image] is the first stress invariant; [image: image] is the viscoelasticity coefficient; [image: image] is the Time-dependent constant.
The eigenstructure equations for the expansion damage stage can be obtained by combining Equation 15 through Equation 18:
[image: image]
For loose rock masses, considering the effect of pore water pressure on the total stress, the stress field control equation can be expressed as (Ma et al., 2023):
[image: image]
where [image: image] is instantaneous Young’s modulus; [image: image] is the displacement vector; [image: image] is pore WP; [image: image] is body forces in the i-direction of the faulted rock mass.
Assuming the fluid percolation process follows Darcy’s law, the governing equation for the percolation field is:
[image: image]
Additionally, auxiliary equations are required to close the system of control equations. By taking the first-order derivative of Equation 9 concerning time, the porosity evolution equation for the water inrush process in fault rocks is obtained:
[image: image]
The permeability of a rock mass is closely related to its porosity, and this relationship is often described by the Carman-Kozeny equation:
[image: image]
By coupling Equations 14, 19–23, the set of coupled control equations for the seepage-creep behavior of fault rocks can be obtained as:
[image: image]
4.1.3 Boundary condition
The model was solved using COMSOL Multiphysics software. Considering the actual stress state of the fault rock samples in the seepage-creep coupling tests, and the uniform axisymmetric cylinder samples, a rectangular numerical model was established with a height of 140 mm and a width of 35 mm.
The model material was the grains of the fault rocks whose Talbot index is 0.5. The boundary conditions are shown in Figure 7A. Nine measurement points were set at 6 mm, 22 mm, 38 mm, 54 mm, 70 mm, 86 mm, 102 mm, 118 mm, and 134 mm of the samples respectively, as shown in Figure 7B.
[image: Figure 7]FIGURE 7 | Coupled seepage-creep model for fault rocks (A) Boundary conditions, (B) Mesh generation.
4.1.4 Model parameter
The relevant parameters of the model can be determined through uniaxial compression tests, creep deformation tests, and hydraulic seepage mechanics tests, as outlined in Table 3.
TABLE 3 | Model parameter.
[image: Table 3]4.2 Verification of the seepage-creep coupling of fault rock model
Before conducting the simulation, it is essential to validate the model to ensure its reliability, using porosity as the validation variable. The calculated values of the coupled numerical model for seepage and creep of fault rocks are compared with experimental values, and the results, along with errors, are analyzed.
From the model’s calculation results, the function [image: image], representing porosity as a function of position [image: image] at any given time, can be obtained. The porosity value is calculated using [image: image]:
[image: image]
The absolute percentage error (APE) is used to quantify the error between the test value and the calculated porosity at time [image: image], expressed as:
[image: image]
The overall porosity error in the coupled seepage-creep test for the fault rocks is measured by the mean absolute percentage error (MAPE):
[image: image]
Figures 8, 9 display the comparative results between simulations and tests for porosity under varying AP, CP, WP, and CS conditions, along with the corresponding MAPE values (Equations 25–27). The trend in porosity changes mirrors the test results, showing a gradual decrease followed by a rapid increase over time under different influencing factors. A detailed analysis of porosity calculation accuracy across various conditions reveals that CS has the most significant impact on model precision. Specifically, the MAPE value of the model at higher CS levels is only 0.63%, compared to 2.46% at lower CS levels. This discrepancy is likely due to reduced creep deformation and minimal porosity changes in samples with stronger cementation. The consistency in MAPE values across other factors indicates the model’s stable performance.
[image: Figure 8]FIGURE 8 | Comparison and error analysis of porosity test results versus simulation results: (A) Different APs, (B) Different CPs, (C) Different WPs, (D) Different CSs. (TV: Test value, SV: Simulation value).
[image: Figure 9]FIGURE 9 | Comparison of the MAPE values of porosity in different samples.
Comparing the simulated and tested values for different samples, the MAPE value decreases as AP, CP, and CS increase, while WP decreases. This trend can be attributed to the higher uncertainty in creep calculations caused by high-velocity seepage. In the cases with slower fluid flow velocity in the samples, the model’s accuracy is higher. Throughout the simulation, all MAPE values remain below 3%, indicating that the coupled seepage-creep model has good accuracy and can effectively reflect the variation patterns of hydraulic characteristic parameters in real-world projects.
4.3 Analysis on the laws of spatio-temporal evolution
After verifying the model’s reliability, the spatio-temporal evolution of volumetric strain, velocity, porosity, and permeability in fault rocks is obtained.
4.3.1 Volumetric strain
Figure 10 illustrates the spatio-temporal evolution of volumetric strain in faulted rock samples. During the compaction stage, volumetric strain at each location steadily increases, stabilizing at 2.95%. Locations closer to the sample’s entrance experience a smaller reduction in volumetric strain, which is attributed to increased porosity from pore water pressure (WP), while compression (CP) reduces porosity. Subsequently, volumetric strain sharply decreases, reaching a minimum of −2.42%, with expansion being more pronounced near the outlet. This is linked to lower pore WP at the outlet, leading to higher effective stress within the rocks. As a result, it is deduced that penetration cracks first develop at the outlet, exhibiting a distinct expansion characteristic.
[image: Figure 10]FIGURE 10 | Spatio-temporal evolution of volumetric strain in seepage-creep coupling models.
4.3.2 Flow velocity
Figure 11 shows the spatio-temporal evolution of flow velocity in the samples during the simulation. Initially, flow velocity decreases and stabilizes within the first 30 min. Locations near the sample’s inlet exhibit higher flow velocities due to stronger fluid influence and reduced volumetric strain, which results from the combined effects of pore WP and triaxial stress. Around 201 min, flow velocity increases sharply, driven by the reduced impact of pore WP on flow speed and the increasing influence of applied pressure (AP). This increase is linked to the expansion of original pore spaces into perforation fractures under AP loading, causing sample expansion and deformation, which enhances fluid velocity. Furthermore, the development of additional water-conducting channels under the seepage-stress effect significantly boosts fluid velocity, especially near the outlet, where the rate of increase is more pronounced.
[image: Figure 11]FIGURE 11 | Spatio-temporal evolution of flow velocity in seepage-creep coupling models.
4.3.3 Porosity
Figure 12 illustrates the spatio-temporal evolution of porosity. Initially, the observed decrease in porosity indicates that compressive deformation, driven by the coupling of stress and seepage, reduces the sample’s inherent tectonic porosity. This trend suggests that, during the compaction deformation stage of fault rocks in the coal floor, the increase in porosity due to pore water pressure (WP) is consistently outweighed by the decrease caused by triaxial stress, leading to an overall decline in porosity. Proximity to the fluid inlet is associated with higher porosity, a result of increased pore WP in these regions. After 60 min, porosity stabilizes, reflecting an equilibrium between the porosity increase from pore WP and the decrease due to triaxial stress. At approximately 201.72 min, a sharp increase in porosity is observed, attributed to damage and the formation of penetrating cracks under triaxial stress, which significantly elevates porosity levels. This effect is more pronounced near the outlet, where the rocks exhibit greater damage.
[image: Figure 12]FIGURE 12 | Spatio-temporal evolution of porosity in seepage-creep coupling models.
4.3.4 Permeability
Figure 13 depicts the spatio-temporal evolution of permeability during the simulation. Initially, permeability at each location decreases, followed by a rapid increase, mirroring the trend observed for porosity. Notably, during compression and deformation, permeability is higher near the fluid inlet and lower near the fluid outlet in deeper fault rocks, reflecting changes in structural pore dynamics induced by pore WP. During the expansion deformation stage, internal damage leading to the formation of penetrating cracks significantly enhances permeability. Moreover, permeability at the fluid outlet is higher than at the inlet during this stage, indicating that dilatational failure in the fault rock samples preferentially occurs at the outlet under triaxial stress.
[image: Figure 13]FIGURE 13 | Spatio-temporal evolution of permeability in seepage-creep coupling models.
5 CONCLUSION
To better understand the evolution of seepage-creep coupling characteristics in fault rocks and to uncover the mechanism behind water inrush hazards in coal mines, the self-designed seepage-creep coupling test system for fault rocks was used to conduct experiments under various conditions. The evolution of these seepage-creep coupling characteristics during water inrush was examined, and the reliability of the results was validated through simulation. The main conclusions are as follows:
(1) The water inrush process in fault rocks under the influence of seepage-creep coupling occurs in two stages. In the creep compression stage, triaxial stress predominantly controls the internal pore compression and expansion damage of the samples. In the expansion damage stage, irreversible deformation and the formation of penetrating cracks occur due to the combined effects of pore water pressure (WP) and triaxial stress.
(2) A comparison of test results under different influencing factors reveals that the creep-compression effect intensifies as the applied pressure and WP increase, and as the coal porosity and coal strength decrease. In samples exhibiting significant creep-compression phenomena, substantial irreversible damage to the skeletal structure leads to an earlier onset of the expansion damage stage, making water inrush events more likely.
(3) The temporal and spatial evolution of the coupled seepage-creep characteristics in fault rocks was obtained using a validated numerical model. From the creep compression stage to the expansion damage stage, the evolution of these characteristics initially changes gradually, followed by a distinct turning point at the onset of expansion. This turning point is marked by a rapid increase in volume, as well as sharp rises in flow velocity, porosity, and permeability. Spatially, the seepage-creep characteristics exhibit a non-uniform trend from the inlet to the outlet.
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