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The effects of inclination angle θ and unloading rate of confining pressure Uc on the unloading-induced slip behaviors of shale fractures were investigated by conducting triaxial unloading-induced fracture slip experiments. The variations in mechanical stability, frictional behavior, and morphology variation of shale fractures were systematically explored. The results show that with the continuous unloading of confining pressure, the fractures were initiated to slip, then entered the quasi-static slip stage, and eventually entered the dynamic slip stage in sequence. The occurrence of stick-slip events in the quasi-static slip stage was strongly influenced by the θ and Uc. As θ increases from 30° to 50°, the stick-slip events occurred from 0 to 3 times and from 1 to 3 times for Uc = 0.1 MPa/min and 1 MPa/min, respectively. The θ and Uc have a great influence on the interaction mode of the fractures, which directly affects the frictional behavior of the fractures. The slipping failure behavior of the fracture surfaces is mainly controlled by θ, while Uc plays different roles for the samples with different θ. With the increase in θ, the interaction form between asperities during the slip process may be changed into non-tight contact stage. The increase in θ may enhance or weanken the anisotropy of JRC, depending on whether the Uc reached a certain rate between 0.1 MPa/min and 1 MPa/min. Our results may shed light on the seismicity mitigation and safe exploitation of shale gas.
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1 INTRODUCTION
In recent years, to reduce carbon emissions and ensure energy security, the primary composition of the energy structure is transitioning from traditional energy to renewable energy worldwide (Hou et al., 2021; Sun et al., 2021; Zhang et al., 2022; Zhu et al., 2023; Yang et al., 2024; Ye et al., 2024). The shale gas is renewable, clean and highly efficient, and related industry is blooming in many countries (Cao et al., 2018; Hu et al., 2021; Lei et al., 2023; Tan et al., 2023; Wang et al., 2023). In order to realize the productive development of shale gas, the matrix of shale gas reservoir with ultra-low porosity and low permeability is typically hydro-fractured to make substantial fractures, which allows the outflow of shale gas emitting from the reservoir (Loucks et al., 2009; Wang et al., 2016). During the process of hydro-fracturing, abundant fluid is continuously injected into the reservoirs to artificially create the fractures (Liu et al., 2024). The pore pressure increases a lot and the effective normal stress acting on the natural fractures or faults significantly decreased due to the injection of fluid, which brings the fractures closer to the unstable state (Passelègue et al., 2018; Wang et al., 2020; Moein et al., 2023; Zhu et al., 2024). And the natural fractures may be activated to slip in this way, even triggering many seismic events (Bourne et al., 2018; Langenbruch and Zoback, 2016; Kivi et al., 2022). For instance, the moment magnitude (Mw) 4.6 earthquake occurred in British Columbia in 2015, the Mw 5.7 earthquake occurred in Sichuan in 2019, the surface wave magnitude (Ms) 6.0 earthquake occurred in Luxian in 2021 (Lei et al., 2017; Zhao et al., 2023; Meng et al., 2019; Wang et al., 2021). These three devastating seismic events were presumed to be related to hydro-fracturing process (Lei et al., 2019; Moein et al., 2023). Hence, it is an imperative to reveal the mechanism of fracture activation linked with the hydro-fracturing for the safe exploitation of shale gas.
Several studies have conducted to explore the activation mechanism and slip behavior of fractures (He et al., 2014; Wu et al., 2014; Ye and Ghassemi (2018); Eshiet and Sheng, 2017; Feng et al., 2021; Ji et al., 2019; Zhou et al., 2023). Wu et al. (2014) experimentally investigated the effect of unloading of normal stress on the frictional slip process of fractures under constant shear stress conditions. They found that the stress drop and the generated shear displacement during the slipping process were strongly correlated with the initial stress state of fractures. Ji et al. (2019) conducted unloading-induced slip experiments on the sawcut and tensile fractures, and the influence of unloading rate of normal stress, surface roughness, and critical shear stress on the slip behavior were explored. Their results showed that the fracture stability during the slipping process was controlled by the relative magnitude between system stiffness and fracture weakening rate. And an empirical formula was proposed for predicting the released seismic moment. To explore the coupling hydro-mechanical effect on the slip and activation processes of fracture, Ye and Ghassemi (2018), Ye and Ghassemi (2020) carried out triaxial injection-induced shear tests on the rough fracture. They found that when the fractures were activated, the fractures may enter the quasi-static slip stage firstly, and eventually enter the dynamic slip stage. The heterogeneously distributed acoustic emission activities accompanied by the occurrence of dynamic slip were also observed. Wang et al. (2020) studied fracture slip behavior by changing fluid pressurization rate and injection pressure, and the results show that fault creep was more significantly controlled by the fluid pressurization rate comparing with injection pressure. Additionally, Zeng et al. (2022) focused on the effects of pH, viscosity and bentonite particles on the shear slip mechanism of shale formation. They concluded that the instability of shale fractures may be more likely to occur for larger pH, viscosity and the bentonite content. In the process of unconventional resource exploitation, the drilling process and continuous extraction of shale gas lead to the reduction in confining pressure on the natural fractures (Yin et al., 2015; Zhou et al., 2019; Liu et al., 2024). Therefore, it is imperative to study the effects of unloading rate of confining pressure on the slip behavior of fracture.
The shale rock shows obvious heterogeneity, discontinuity, and anisotropy, which can be manifested in two parameters, i.e., the strike and the inclination angle (Mohammadi and Pietruszczak, 2019; Latyshev and Prishchepa, 2020; Huang et al., 2021; Yang et al., 2023). The effects of strike and the inclination angle on the mechanical characteristics of rock were studied by some scholars (Duan et al., 2023; Zhu et al., 2022). Duan et al. (2023) studied the effects of fracture dip angle and fracture length on the propagation of cracks through a similar simulation test and RFPA2D-dynamic numerical simulation software. They concluded that with the increase in the inclination angle, the number of secondary cracks increased and the enhancement of permeability was strengthened. Similar phenomenon was also observed by Liu et al. (2023). Ma and Wang (2020) numerically explored the influence of inclination angle on the failure modes of rock mass. Their results showed that the increment of inclination angle led to the failure modes changed from brittle failure to ductile failure. Previous studies mostly focused on the influence of inclination angle on the failure modes of rock mass, and few studies have considered the influence of fracture inclination angle on activation and slipping process of fracture. Consequently, it is necessary to explore the combined effects of inclination angle and unloading rate of confining pressure on the slip behaviors of fractures.
In this study, the saw-cut shale fractures with different inclination angles were prepared for the unloading-induced slip experiments. The fractures were firstly driven to the critical stress state, and then the confining pressure was step unloaded at two different rates until the fractures were activated. The effect of unloading rate of confining pressure and inclination angle on the mechanical response, slipping process, and frictional behavior of fractures were systematically explored. The variation in the morphology and the joint roughness coefficient were investigated. Our results may shed light on the seismicity mitigation and safe exploitation of shale gas.
2 MATERIALS AND METHODS
2.1 Sample preparation and experimental setup
The shale samples were collected from the Longmaxi shale outcrops in the Sichuan Basin, China. X-ray diffraction (XRD) results indicate that the main mineral compositions of shale samples are quartz, calcite, and illite, which account for 38.7%, 18.2%, and 17.6%, respectively. As shown in Figure 1, two sets of samples with different inclination angles θ (i.e., θ = 30° and 50°) of saw-cutting fractures were prepared from the cylindrical shale cores. And each set contains two shale fracture samples with the same θ. The length and diameter of all shale cores are 100 and 50 mm, respectively. In order to avoid the generation of new cracks in rock matrix, the θ used in the experiments should lie between 20° and 55° (Brady and Brown, 2006; Ji et al., 2022). Thus, the fractures with θ = 30° and 50° were adopted in this study.
[image: Figure 1]FIGURE 1 | Geometrical information of the saw-cut shale fractures with different inclination angles θ: (A) θ = 30°, (B) θ = 50°.
The experiments were conducted using the MTS 815 rock mechanic testing system equipped with servocontrolled confining pressure system and triaxial system (see Figure 2). Figure 3 demonstrates the triaxial stress state of samples and sample deformation during the slip process. The differential stress σ1 − σ3 was loaded by the axil piston, and the confining pressure σ3 was pressurized by injecting the hydraulic oil into the triaxial chamber (Passelègue et al., 2018). The normal stress σn and shear stress τ acting on the saw-cutting fracture can be attained by Zhu et al. (2023):
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where σ1 is the axial stress, equaling to the sum of σ1 − σ3 and σ3. For a given θ, the σn and τ can be well controlled by adjusting the σ1 − σ3 and σ3. The axial displacement Δz and radial displacement Δx of the sample were measured using the internal sensor embedded in the piston and circumferential extensometer, respectively. The upper part of the sample tended to slip along the facture surface, so the coordinate transformation of the displacement is necessary. The shear displacement ds along the shear direction can be calculated as Equation 3, Ye and Ghassemi (2018):
[image: image]
[image: Figure 2]FIGURE 2 | The MTS 815.02 rock mechanics testing system.
[image: Figure 3]FIGURE 3 | Schematic view of sample deformation during the slip process (after Ye and Ghassemi, 2018).
Throughout the experiment, the σ1 − σ3, σ3, Δx, and Δz were all synchronously recorded with a sampling rate of 1HZ. The fracture surfaces were scanned before and after experiments using the three-dimensional scanning system 3DSS for the characterization of the morphology (Liu et al., 2024).
2.2 Experimental procedures
The triaxial unloading-induced slip experiment consists of displacement-driven stage and unloading-driven slipping stage. In the displacement-driven stage, the σ3 was firstly loaded to 20 MPa with a loading rate of 10 MPa/min and then held constant during this stage. At the same time, the piston moved downward slowly to load the σ1 − σ3 until the peak shear strength τp was reached. The gentle loading process of σ1 − σ3 can effectively avoid the early activation of fracture at this stage (Ji et al., 2023). Then, the piston moved upward, and the σ1 − σ3 decreased. The τ applied on the fracture was reduced slowly to 0.85τp, and the fracture was considered to be in the critical stress state. In the unloading-driven stage, the σ1 − σ3 was kept constant, and the σ3 was step unloaded. According to Equations 1, 2, the τ was held constant, while the σn was step unloaded at the same rate as the σ3. During this stage, the σ3 was unloaded with an unloading rate Uc (i.e., 0.1 MPa/min and 1 MPa/min) for 5 min, and then σ3 was held constant for another 5 min. After that, the σ3 was unloaded for 5 min and maintained constant for 5 min again. This process was repeated until the fracture was activated.
Hydraulic fracturing with stepwise pressurization is widely used in shale gas exploitation to enhance reservoir permeability (Gehne and Benson, 2019; Parchei-Esfahani et al., 2020; Xu et al., 2022). The probability of fracture activation and the released seismic moment can be significantly reduced by stepwise pressurization (Passelègue et al., 2018; Wang et al., 2020; Liu et al., 2024). Based on the Terzaghi effective stress principle, with the step increase in pore pressure, the effective normal stress applied on the fractures decreases step by step (Lade and De Boer, 1997). The stepwise pressurization is equivalent to the step unloading of confining pressure in the triaxial unloading-induced slip experiments, as well as the effective normal stress (i.e., σn in our study).
3 RESULTS AND ANALYSIS
3.1 Mechanical stability of fractures
Figure 4 shows the evolutions of σn and τ during the experiments under different Uc for the fractures with θ = 30° and θ = 50°. In the displacement-driven stage, both of the σn and τ gradually increased. The increasing rate of σn was always larger than that of τ in the first 2 minutes. After that, due to the maintaining of σ3, the σn and τ increased at the same rate and reached the peak values. The θ has great influence on the τp. For the fracture with θ = 30°, the mean value of τp was 21.37 MPa. While for θ = 50°, the mean value of τp was 52.59 MPa, which is 2.46 times larger than that of θ = 30°. The τp was significantly enhanced due to the increase in θ. At the end of displacement-driven stage, both of the σn and τ decreased. In the unloading-driven stage, the τ was held constant, while the σn was step decreased at the same rate as the σ3.
[image: Figure 4]FIGURE 4 | Evolutions of normal and shear stresses during the slip process under different unloading rates of confining pressure Uc for the fractures with θ = 30° and θ = 50°. (A) θ = 30°, Uc = 0.1 MPa/min (B) θ = 30°, Uc = 1 MPa/min (C) θ = 50°, Uc = 0.1 MPa/min (D) θ = 50°, Uc = 1 MPa/min.
The evolutions of kinematic parameters during the slip process under different Uc for the fractures with θ = 30° and θ = 50° were shown in Figure 5. Because the variation in shear displacement was induced by the manually controlled loading process of σ1 − σ3, thus, we focused on the slipping behavior of fractures in the unloading-driven stage. At the beginning of unloading-driven stage, the fractures remained stable state with slight fluctuation of slip velocity. With continuous unloading of σ3, the decreasing of σ3 as perturbation during the unloading process broke the initially stable stress state of the fractures. The fractures were activated and eventually entered the dynamic slip stage. We defined that the activation point was the time point when the fracture slip velocity was greater than 0.003 mm/s, and the dynamic slip stage began when the fracture slip velocity was greater than 0.1 mm/s (Wang et al., 2020; Liu et al., 2023). For example, for the fracture with θ = 50° under Uc = 1 MPa/min, the fracture was activated to slip at t = 712.53 s and finally entered the dynamic slip stage at t = 2005.20 s. At the onset of dynamic slip stage, the shear displacement, slip velocity and acceleration dramatically increased. The phase between activation point and the onset of dynamic slip stage was defined as the quasi-static slip stage (Liu et al., 2023). It can be observed that three times of sharp increase in slip velocity and acceleration occurred during the quasi-static slip stage (see Figure 6), which were referred as stick-slip events (Ji et al., 2019; Wang et al., 2020). The stick-slip is characterized by an event with a peak acceleration larger than 0.005 mm/s2, commonly accompanied by the sharp drop in shear stress (Leeman et al., 2018; Liu et al., 2024).
[image: Figure 5]FIGURE 5 | Evolutions of kinematic parameters during the slip process under different Uc for the fractures with θ = 30° and θ = 50°. (A) θ = 30°, Uc = 0.1 MPa/min (B) θ = 30°, Uc = 1 MPa/min (C) θ = 50°, Uc = 0.1 MPa/min (D) θ = 50°, Uc = 1 MPa/min.
[image: Figure 6]FIGURE 6 | Variation in acceleration during the slip process for the fractures under different Uc with θ = 30° and 50°.
The slip behaviors of fractures were greatly affected by Uc and θ. There was a distinguished trend of the number of stick-slip events (see Figure 7A, B). As Uc increased from 0.1 to 1 MPa/min, the stick-slip events occurred from 0 to 1 time for θ = 30°, while that kept constant for θ = 50°. For the fractures with θ = 50°, the duration of quasi-static slip stage for the fracture under Uc = 0.1 MPa/min was 4.8 times longer than that under Uc = 1 MPa/min. The reasons may be that due to the lower Uc, the asperities on fracture surfaces can have more time to self-stabilize by releasing the strain energy slowly instead the asperities were sheared-off suddenly. Therefore, the occurrence of dynamic slip stage under Uc = 0.1 MPa/min was latter than that under Uc = 1 MPa/min. And with the increase in θ, the generated shear displacement during the quasi-static slip stage increased. As the θ increased from 30° to 50°, the generated shear displacement increased from 0.077 to 2.357 mm under Uc = 0.1 MPa/min and from 0.398 to 1.837 mm under Uc = 1 MPa/min, respectively. Figure 8A shows the variation in peak shear strength for different fractures, and Figures 8B, C show the evolutions of τ and σn applied on the fracture at the activation point and the onset of dynamic slip stage, respectively. With increasing θ, both τ and σn significantly increased at the activation point and the onset of dynamic slip stage. And the θ has greater influence on the stress state of fracture than that of Uc. As the increased from 30° to 50°, the τ at the activation point increased from 19.73 to 47.04 MPa under Uc = 0.1 MPa/min, while under Uc = 1 MPa/min, the τ increased from 18.81 to 47.63 MPa.
[image: Figure 7]FIGURE 7 | Number of stick-slip events, the duration, and the generated shear displacement during the quasi-static slip stage for fractures under different Uc. (A) Variation in the number of stick-slip events. (B) Duration and generated shear displacement for fractures under different Uc.
[image: Figure 8]FIGURE 8 | Stress state for fractures under different Uc with different θ at the activation point and at the onset of dynamic slip stage. (A) Variation in peak shear strength for different fractures. (B) Shear and normal stresses at the activation point for fractures with different θ. (C) Shear and normal stresses at the onset of dynamic slip stage for fractures with different θ.
3.2 Frictional characteristics of fractures
The friction coefficient is defined as the ratio of τ to σn, which has been widely adopted for characterizing the stability of fracture (Doglioni, 2018; Liu et al., 2023; Moein et al., 2023). Figure 9 shows the variation in μ with shear displacement ds under different θ and Uc. And the μs and μss represent the friction coefficient when the peak shear strength was reached and the dynamic slip occurred for each fracture, respectively. In the start of displacement-driven stage, the increment of σ3 was larger than that of σ1 − σ3, leading to the quick decrease in μ. Then, the σ3 was held constant, the continuous loading of σ1 − σ3 resulted in the rapid increase in μ until the μs was reached. At the end of displacement-driven stage, to make the fracture close to the critical stress state, the σ1 − σ3 was slowly decreased. The μ met a slow decrease, and the rebound of shear displacement was also observed. In the unloading-driven stage, the σ1 − σ3 was maintained, and the σ3 was step unloaded. Thus, the μ slowly increased and eventually reached the μss at the onset of dynamic slip.
[image: Figure 9]FIGURE 9 | Friction coefficient versus shear displacement for the fractures with different θ. Here, μs and μss represent the friction coefficient when the peak shear strength was reached and the dynamic slip occurred for each fracture, respectively. (A) θ = 30°. (B) θ = 50°.
The evolutions of μs and μss for the fractures with different θ under different Uc were shown in Figures 9A, B. As the Uc increased from 0.1 to 1 MPa/min, both μs and μss decreased significantly for the fractures with θ = 30°. However, for the fractures with θ = 50°, with increasing Uc, the μs and μss met slight increase. As the Uc increased from 0.1 to 1 MPa/min, the μs and μss varied from 0.635 to 0.637 with a strengthening rate of 0.31%, and from 0.703 to 0.768 with a strengthening rate of 9.25%, respectively (see Figure 10). It means that the increasing θ weakened the weakening effect of the Uc on the μs and μss. This implies that there is a competitive relationship between the θ and Uc for the evolution of the frictional behavior of fractures. The μs and μss of most fractures range from 0.6 to 0.8, aligning with the Byerlee’s law proposed by Byerlee (1978), Giorgetti et al. (2019), Yin et al. (2024).
[image: Figure 10]FIGURE 10 | Evolutions of μs and μss for the fractures with different θ under different Uc.
3.3 Variations in morphology
Figure 11 shows the morphologies of fracture surfaces with θ = 30° and 50° under different Uc before and after experiments. Before experiments, the fracture surfaces were filled with asperities despite being saw-cut and polished. After experiments, the asperities were partially damaged to a certain degree and the elevation of fracture surfaces generally decreased, with respect to the morphology images before the experiments. The damage of fracture surfaces can be obviously recognized that was deeper at end of the fractures than that of other regions. The method recommended by the International Society of Rock Mechanics and Engineering, joint roughness coefficient (JRC) was used, so as to assess the quantification of fracture surface roughness, which are estimated by Equations 4, 5 Ji et al. (2023), Liu et al. (2023), Zhu et al. (2024):
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where Z2 is the root mean square of the first derivative of the measuring line, N is the number of the sample points in the measuring lines, zi and yi are the coordinate of each sample point. Many studies have manifested that the JRC is anisotropic and has great influence on the morphology, quantity and spatial distribution characteristics of fractures (Tian et al., 2022; Soomro et al., 2022; Liu et al., 2023; Adnan et al., 2023). The JRC is calculated by setting measuring lines on the fracture surfaces and appraising the elevation fluctuation of adjacent points, so JRC at different directions has central symmetry (Liu et al., 2024). In our experiments, it is assumed that the angle along the positive direction of the y-axis is 0°. The JRC of the fractures under different θ and Uc was calculated in six directions along the counterclockwise direction (i.e., 0°, 30°, 60°, 90°, 120° and 150°).
[image: Figure 11]FIGURE 11 | Morphologies of fracture surfaces with θ = 30° and 50° under different Uc before and after experiments. (A) θ = 30°, Uc = 0.1 MPa/min (B) θ = 30°, Uc = 1 MPa/min (C) θ = 50°, Uc = 0.1 MPa/min (D) θ = 50°, Uc = 1 MPa/min.
The directional JRC contours of four fracture surfaces before and after experiments were plotted in Figure 12, which illustrates the changes of JRC in all directions clearly. The JRC approaching the x-axis direction increased a lot due to the generation of scratches, which can be linked with the occurrence of stick-slip events. During the slipping process, the asperities on the upper and lower fracture surfaces were interlaced and then sheared-off along the y direction or the shearing direction. Under different Uc, the characteristics of the variation in JRC were presented in Figure 12. When Uc = 0.1 MPa/min, the JRC along the directions of 0° and 90° were 5.93 and 5.76 for the fractures with θ = 30°, 5.14 and 5.20 for the fractures with θ = 50°, respectively. As Uc increased from 0.1 to 1 MPa/min, the ratio of the calculated JRC along the 0° and 90° descended slightly for both θ = 30° and 50°, from 1.03 to 1.00 and from 0.99 to 0.98 for the fracture surfaces after experiments, respectively. Due to the generation of scratches, the average JRC value JRCave of most fracture surfaces increased after the experiment, except for fracture with θ = 50° and Uc = 0.1 MPa/min (see Figure 13). As shown in Figure 14, the variation in the ratio of the maximum of the directional JRC (JRCmax) to the minimum of the directional JRC (JRCmin) with varying the Uc, can explain that JRC has anisotropy. When the Uc increased from 0.1 to 1 MPa/min, the value of JRCmax/JRCmin for the fractures before and after experiments decreased from 1.03 to 0.94 with θ = 30°, and increased from 1.05 to 1.09 with θ = 50°. It may be caused by the crushing and damage of the asperities during the slipping process. Some scholars found that a large amount of energy is radiated due to the damage of fracture asperities, accompanied by a rapid increase in acoustic emission events (Wang et al., 2020; Lin et al., 2021; Lin et al., 2024; Guérin-Marthe et al., 2023).
[image: Figure 12]FIGURE 12 | Directional joint roughness coefficient (JRC) contours of fracture surfaces before and after experiments. (A) θ = 30°, Uc = 0.1 MPa/min (B) θ = 30°, Uc = 1 MPa/min (C) θ = 50°, Uc = 0.1 MPa/min. (D) θ = 50°, Uc = 1 MPa/min.
[image: Figure 13]FIGURE 13 | Effects of θ and Uc on the evolutions of average JRC value (JRCave) before and after the experiments.
[image: Figure 14]FIGURE 14 | Effects of θ and Uc on the evolutions of JRCmax/JRCmin before and after the experiments. Here, JRCmax represents the maximum JRC in the directional JRC contours, while JRCmin represents the minimum JRC in the directional JRC contours.
4 CONCLUSION
In this study, the effects of inclination angle θ and unloading rate of confining pressure Uc on the mechanical response, slipping process, and frictional behavior were studied by conducting triaxial unloading-induced fracture slip experiments. The variation in the morphology and the joint roughness coefficient were investigated. Our experimental results show that with the continuous unloading of confining pressure, the fractures were initiated to slip, then entered the quasi-static slip stage, and eventually entered the dynamic slip stage in sequence. The occurrence of stick-slip events in the quasi-static slip stage was strongly influenced by the θ and Uc. With increasing θ and Uc, the number of stick-slip events increased a lot. As the θ increased from 30° to 50°, the stick-slip events occurred from 0 to 3 times and from 1 to 3 times for Uc = 0.1 and 1 MPa/min, respectively. The duration of quasi-static slip stage for the fracture with θ = 50° under Uc = 0.1 MPa/min was 4.8 times longer than that under Uc = 1 MPa/min. And the increase in θ promotes the slip process of fracture and the shear displacement generated during the quasi-static slip stage increased significantly. With increasing θ, both shear stress τ and normal stress σn greatly increased at the activation point and the onset of dynamic slip stage. The θ and Uc have a great influence on the interaction mode between the fractures, which directly affects the friction properties of the fractures. With the increment of θ, the σn applied on fractures shows a downward trend. Therefore, the interaction form between asperities during the slip process may be changed into non-tight contact stage. As the Uc increased from 0.1 to 1 MPa/min, both the friction coefficient when the peak shear strength was reached μs and the dynamic slip occurred μss decreased significantly for the fractures with θ = 30°. For the fractures with θ = 50°, the μs and μss increased with different strengthening rate, which varied from 0.635 to 0.637 with a strengthening rate of 0.31% for Uc = 0.1 MPa/min, and from 0.703 to 0.768 with a strengthening rate of 9.25% for Uc = 1 MPa/min, respectively. The increase in θ may enhance or impair the anisotropy of JRC, depending on whether the Uc reached a certain rate between 0.1 MPa/min and 1 MPa/min. Our results may enrich the potential mechanism of fracture activation in existing literatures and shed light on the seismicity mitigation and safe exploitation of shale gas.
In the future, our studies will focus on the slip characteristics of shale fractures by more sets of inclination angles and unloading rates of confining pressure to study the equilibrium point of their competitive relationships. The mechanical and hydraulic fully coupling effect on the slip behavior and moment release will also be concerned in the future works. Thus, the implementation of triaxial injection-induced fracture slip experiments is necessary. The radiated seismic energy (e.g., acoustic emission events) during the slip process of fracture should also be monitored in real time, and the positioning of AE hypocenters is essential. The temporal evolution of AE sources should be correlated with the slip characteristics and damage modes of fractures, which will further clarify the mechanism of shale fracture activation in the future studies.
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