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The post-peak behavior and fracture characteristics of hard rock are correlated with the stability and bearing capacity of engineering rock mass. However, there are relatively few research studies on the post-peak mechanical behavior and fracture characteristics of hard rock under true triaxial stress. Therefore, this study carried out relevant true triaxial compression tests and acoustic emission (AE) monitoring. It is concluded that under a true triaxial condition, the number of post-peak steps increases first and then decreases with the increasing σ2, which implies that the rock failure evolves from shear failure to a more complex tension–shear mixed failure and finally evolves into a failure mode dominated by tensile failure. The overall level of the rock fracture angle (θ) at low σ3 is higher than that at high σ3. In the range of stress level in this study, when σ3 is high, the fracture angle of granite increases with increasing σ2, and its regularity is obvious, while when σ3 is low, the regularity of the fracture angle increases with the increasing σ2 is not obvious. It is found that there are three different types of cracking processes in granite. Meanwhile, the expansion rates of three different racking types are calculated by simplified treatment, which are about the order of 10−5–10–4 m/s. The research results of this study could supply a useful reference for the understanding of deep hard rock fracture behavior.
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1 INTRODUCTION
With the increasing excavation depth of deep underground engineering in the world, the influence of high ground stress and complex geological environments on deep rock mass is increasing. Geological disasters such as spalling and rock burst occur frequently, which seriously restrict the development of deep underground engineering in the world (Martin et al., 1999; Feng, 2011; Li et al., 2017; Gong et al., 2019; Gao et al., 2021). The study of the failure and instability of deep rock mass through true triaxial tests is helpful to study the occurrence and mechanism of engineering rock mass disasters such as spalling and rock burst (Haimson and Chang, 2000; He et al., 2010; Li et al., 2015; Feng et al., 2016; Lu et al., 2020; Feng et al., 2021). Therefore, it is of great significance to research the mechanics and fracture behavior of hard rock under a true triaxial stress condition deep underground by the true triaxial test.
The mechanical properties of rocks are usually influenced by many factors such as lithology, stress state, loading mode and loading rate, water pressure, and temperature. Generally, when the rock object to be studied is selected, the stress state is the most important factor affecting the mechanical behavior of rock. At the moment, the rock’s mechanical properties are mostly carried out by the uniaxial test and the conventional triaxial test. Generally, when the studied rock is in the shallow strata, the conventional triaxial test or even uniaxial test can be used to simulate the stress state of this shallow part. However, when in deep strata, uniaxial or conventional triaxial tests cannot simulate the high true three-dimensional stress state of the deep strata, so the deep rock mechanics research based on the true triaxial test is the trend of rock mechanics development in the future.
Acoustic emission (AE) is the phenomenon of a transient elastic wave which is produced by the energy released during the evolution of a microcrack when rock failure occurs (Lockner, 1993). The evolution process of crack initiation, propagation, and coalescence can be analyzed by AE signals generated in different deformation and failure periods of rock (Tuncay and Ulusay, 2008; Fortin et al., 2011; Rück et al., 2017). Real-time AE monitoring based on the rock cracking process can realize the quantitative study of the rock fracture process.
At present, there are few studies on AE of rocks under the true triaxial stress state. Combining the AE source location results with actual failure morphology, the cracking evolution of rock under the true triaxial stress state can be realized. The research derived from the AE location results can achieve the research on spatial shape, propagation rate and direction, and the evolution process of the cracks (Ohtsu, 1991; Lei et al., 2000; Thompson et al., 2005). Therefore, the study of rock mechanical behavior and AE characteristics under true triaxial stress state can help us understand the cracking characteristics and mechanical properties of deep rock mass and lay a solid study foundation for the research of disaster-causing processes and mechanisms of deep rock mass.
2 TRUE TRIAXIAL COMPRESSION TEST AND ACOUSTIC EMISSION MONITORING METHODS
2.1 Sample Preparation
As shown in Figure 1, the granite selected in this experiment is monzogranite from Gansu Province, China (Zhang et al., 2019; Zhang, 2020). According to the testing average value of a group of rock samples, the density of granite is 2.61 g/cm3, the average P-wave velocity is 3,590 m/s, the uniaxial compressive strength (UCS) is 141 MPa, Poisson’s ratio is about 0.27, and Young’s modulus is about 54 GPa.
[image: Figure 1]FIGURE 1 | Granite tested in the true triaxial compression experiment.
As shown in Figure 2, it is observed by an optical microscope that the rock is granular mosaic, consisting mainly of about 40% plagioclase, 33% quartz, 17% K-feldspar, and 10% other substances.
[image: Figure 2]FIGURE 2 | Optical micrograph of tested granite. (A) Crossed polars (B), plane polarized light [quartz (Qtz), K-feldspar (Kfs), plagioclase (Pl), and biotite (Bt)].
2.2 Testing Apparatus
The main experimental apparatus used in this study includes a true triaxial test system (Feng et al., 2016) and AE system (Zhang et al., 2019). The true triaxial testing machine can achieve the whole stress–strain curve of rock under loading or unloading stress paths. It can accommodate a 50 × 50 × 100-mm3 cuboid sample. The maximum principal stress (σ1) and intermediate principal stress (σ2) are exerted by a hydraulic driving piston, and the minimum principal stress (σ3) is exerted by hydraulic oil in the true triaxial chamber. The maximum output stresses σ1, σ2, and σ3 can reach 1,200 MPa, 1,200 MPa, and 100 MPa, respectively.
The AE monitoring threshold value is set to be 40–50 dB in the experiment of this study. In this experiment, eight high-frequency AE sensors are encapsulated in a small anti-hydraulic protective shell and are fixed on the surface of the rock sample by a sealant to carry out AE data monitoring and acquisition. During the test, the AE monitoring is matched with the recording time of the stress–strain curve, and the rock fracture information is monitored in the whole process.
2.3 Testing Plan and Adopted Stress Path
Through a large number of statistical analyses of the research literature on in situ stress in the study area, within the range of 700 m underground, the maximum horizontal ground stress σH is about 4.5–27.0 MPa, the minimum horizontal ground stress σh is about 2.6–13.1 MPa, and the vertical crustal stress σV is about 0–27.0 MPa.
In order to better analyze the mechanical behavior of the tested rock under different depths and different ground stress conditions, the true triaxial stress level of this study is determined by considering the relevant engineering background and the characteristics of the true triaxial test as follows:
The minimum principal stress σ3 is 5, 10, 20, and 30 MPa, respectively. When σ3 is 5 MPa, the corresponding σ2 is 5, 20, 50, 75, and 100 MPa, respectively. When σ3 is 10 MPa, the corresponding σ2 is 10 MPa, 20 MPa, 50 MPa, 75, and 100 MPa, respectively. When σ3 is 20 MPa, the corresponding σ2 is 20, 50, 75, and 100 MPa, respectively; when σ3 is 30 MPa, the corresponding σ2 is 30, 50, 75, and 100 MPa, respectively. Meanwhile, some supplementary experiments are carried out according to the actual situation.
The stress path taken in this study is shown in Figure 3:
(1) Load simultaneously in each stress direction to the σ3 level with a loading rate of 0.5 MPa/s (σ1 = σ2 = σ3).
(2) σ3 remains unchanged, σ1 and σ2 are simultaneously loaded to the set σ2 level with a loading rate of 0.5 MPa/s (σ1 = σ2).
(3) σ2 and σ3 remain unchanged, and σ1 is loaded with a loading rate of 0.5 MPa/s. When σ1 comes near the rock crack damage stress σcd, the control method is varied from stress control to strain control to achieve the rock post-peak curve, and the rate of ε1 strain control is 0.015 mm/min.
[image: Figure 3]FIGURE 3 | Adopted true triaxial loading stress paths of tested rocks.
3 POST-PEAK CHARACTERISTICS OF HARD ROCK UNDER TRUE TRIAXIAL COMPRESSION TEST
The post-peak stress drop is a phenomenon where the bearing capacity of a rock drops rapidly and then rises slightly after reaching the peak value. It is shown in the curve shape that the stress–strain curve drops rapidly and then rises and then falls again. Based on the stress–strain curve of the granite rock under the true triaxial compression condition, this section analyzes variation law of the post-peak steps and brittle stress drop characteristics. It is concluded that when σ3 is small (σ3 = 5 MPa) or large (σ3 = 30 MPa), the number of post-peak steps of granite increases first and then decreases with increasing σ2. With the increase in σ2, the post-peak curve shape tends to become a type II curve, and its brittle failure characteristics are more obvious with the increase in σ2.
It can be seen from Figure 4 that when σ3 is 5 MPa and σ2 is 5, 20, 50, and 100 MPa, the post-peak step numbers during the whole stress–strain curve of the granite is 0, 2, 3, and 1, respectively. Figure 5 shows that when σ3 is 30 MPa and σ2 is 5, 20, 50, and 100 MPa, the number of the post-peak steps during the complete stress–strain curve of the granite is 1, 1, 2, and 0, respectively. Obviously, with increasing σ2, the number of post-peak steps of granite increases first and then decreases, the shape of post-peak curve tends to be a type II curve, and the brittle failure characteristics of the rock are more obvious.
[image: Figure 4]FIGURE 4 | Step number at post-peak increases first and then decreases with the increase in σ2 (σ2 = 5 MPa). The post-peak steps is indicated by a dotted circle in the figure.
[image: Figure 5]FIGURE 5 | Step number at the post-peak increases first and then decreases with the increase in σ2 (σ2 = 30 MPa). The post-peak steps is indicated by a dotted circle in the figure.
The periodic post-peak stress drop, that is, the brittle stress drop of the rock’s post-peak curve, is related to the alternating interaction between the tensile failure and the shear failure during the post-peak failure. It is generally believed that brittle stress drop is caused by tensile failure, and the post-peak curve steps are a process of shear failure. Therefore, the number of post-peak steps increases first and then decreases with the increasing σ2, which means that the post-peak failure process of the rock is more complex with the increase in σ2. From the evolution process of post-peak curves of Figures 4, 5, it indicates that with the increasing σ2, the internal failure of the rock changes from shear failure to a more complex tensile–shear mixed failure, and eventually evolves into a failure mode dominated by tensile failure (Zhang, 2020).
4 FAILURE MODE OF HARD ROCK UNDER TRUE TRIAXIAL COMPRESSION TEST
Figures 6–9 are the diagrams of the failure mode of granite rock under true triaxial compression changing with σ2 under different σ3 (Zhang, 2020). Figure 10 is the diagram and statistics of the fracture angle of granite under true triaxial compression. At the same time, the example of a typical rock sample in Figure 10 shows the definition of the fracture angle under true triaxial compression: the actual failure of the rock samples in true triaxial test forms a failure surface intersected with σ1–σ2 plane, perpendicular or approximately perpendicular to the σ1–σ3 plane (Mogi, 1971; Haimson, 2006; Mogi, 2007). In practice, the angle of failure surface (θ) can be expressed by the angle between the macroscopic main crack and the loading direction of σ3, that is, the fracture angle (θ).
[image: Figure 6]FIGURE 6 | Failure modes of tested granite change with σ2 when σ3 is 5 MPa.
[image: Figure 7]FIGURE 7 | Failure modes of tested granite change with σ2 when σ3 is 10 MPa.
[image: Figure 8]FIGURE 8 | Failure modes of tested granite change with σ2 when σ3 is 20 MPa.
[image: Figure 9]FIGURE 9 | Failure modes of tested granite change with σ2 when σ3 is 30 MPa.
[image: Figure 10]FIGURE 10 | Fracture angles of tested granite change with σ2 under different σ3 stress states.
Since the actual failure of rock samples under true triaxial compression forms a failure surface perpendicular or approximately perpendicular to the σ1–σ3 plane, although Figures 6–9 show only the failure situation of the σ1–σ3 plane of the rock samples, it is considered that it can represent the failure situation and characteristics of rock samples in space. As shown in Figures 6–9, the macroscopic main cracks of most granite rocks pass through the corner of the sample and penetrate the whole sample.
Combined with Figures 6–10, it is found that the failure mode of granite is more inclined to tensile failure when σ3 is lower (σ3 = 5 MPa) than that when σ3 is higher, and the overall level of fracture angle (θ) value is higher than that of other σ3 stress levels, and the number of macroscopic cracks in the σ1–σ3 plane is relatively large. When σ3 is high (σ3 = 20 MPa, 30 MPa), most samples have only one macroscopic main crack and the fracture angle (θ) is generally low. When σ3 is 10 MPa, the fracture angle fluctuation of rock samples increases and is irregular, which may be because σ3 = 10 MPa is the critical value range of granite failure mode from tensile failure to shear failure.
Many previous studies have been done on the variation of rock fracture angle with σ2. Haimson and Chang (2000) believed that fracture angle of Westerly granite monotonically increases with the increasing σ2 under the condition that σ3 is constant. Ma and Haimson (2016) found that when σ2 increases to σ2 greater than σ3, the failure plane angles of Coconino and Bentheim sandstones also increased. Moreover, some other studies have the same view (Mogi, 1971; Chang and Haimson, 2012). Feng et al. (2016) believed that the fracture angle of the rock under true triaxial stress would first increase and then decrease with the increasing σ2.
The variation of granite rock fracture angle with σ2 in this article is shown in Figure 10. In the range of the stress level in this article, when σ3 is high (σ3 = 20 MPa, 30 MPa), the fracture angle of granite increases with the increasing σ2, and the regularity is obvious. When σ3 is low (σ3 = 5 MPa, 10 MPa), the regularity of the fracture angle increasing with σ2 is not obvious.
5 ESTIMATION OF ROCK CRACK PROPAGATION RATE BASED ON ACOUSTIC EMISSION LOCATION
The AE source localization technology can be applied to research the spatial distribution and development characteristics of cracks during rock failure. Figures 11, 12 show the AE source location and the actual failure process of granite samples under true triaxial condition (σ2 = 75 MPa, σ3 = 20 MPa). By comparing the actual crack distribution of the rock sample in Figure 11 with corresponding AE source location results, it is found that they are in good agreement with each other, which shows that AE source location results can basically indicate the morphological characteristics and cracking evolution process of the rock sample during the final failure.
[image: Figure 11]FIGURE 11 | Comparison diagram of final failure mode, acoustic emission source location results, and crack sketch of tested granite under the true triaxial stress state.
[image: Figure 12]FIGURE 12 | Display of the three-dimensional crack failure morphology of tested granite under true triaxial stress state. (A) 3-dimensional failure morphology and (B) 2-dimensional failure morphology.
The different colors corresponding to the elliptical area in Figure 12 represent the formation process of different rock samples in the test monitoring. Comprehensively considering the temporal and spatial distribution characteristics of macro and micro cracks during the final rock failure, and according to the differences of crack propagation time and formation process of rock samples, the cracks in the four elliptical areas in the figure are divided into three different types, and the elliptical areas are distinguished by three different colors of red, blue, and green, respectively. This part attempts to estimate the cracking surface expansion rates of these three different fracture forms, and further analyzes the differences in the formation process of three typically different cracking processes of rock from the perspective of fracture surface expansion rates.
Figure 12 shows the two-dimensional and three-dimensional displays of the shape and size of the rock cracking surface, where the cracks on the plane ABCD and plane A`B`C`D` are shown in the X-Y plane through the perspective map from the negative direction of the Z axis.
For the cracks shown in the blue elliptical region on the X-Y plane in Figure 12B, the cracks in the region above the right corner of the sample are selected for calculation. Figure 12A shows the spatial morphology of the crack. After accurate measurement, the lengths of the cracking surface on the plane ABCD and plane A`B`C`D` are 28 and 30 mm, respectively. For convenient calculation, the average value of 29 mm is taken to represent the propagation length of the cracking surface. Based on the AE localization results, the initial time of the crack is 1,250 s, and the final formation time of the crack is 1,625 s, with a time difference of 375 s. It can be considered that the extension time of the cracking surface is 375 s. Therefore, the expansion rate of the cracking surface can be estimated to be 77.3 μm/s.
Similarly, for the broken zone composed of multiple macro and micro cracks in the red elliptical region in Figure 12B, due to the complex evolution process of rock micro cracks in this progressive failure process, different micro cracks interact and connect with each other, and the distribution range is relatively wide.
Therefore, in order to estimate the cracking surface expansion rate, reasonable assumptions are needed to simplify the analysis process. It is considered that the main macroscopic cracking surfaces in the region are formed at the same time as shown in Figure 12A, and one of the longest cracking surfaces is selected for calculation. The lengths of the cracking surface on the plane ABCD and plane A`B`C`D` are 84 and 70 mm, respectively, with an average of 77 mm. At the same time, the test monitoring shows that the progressive cracking process of the cracks runs through the whole test process and the period is long. Therefore, 365 and 3,348 s corresponding to the time before and after the cracking formation are selected as the starting and ending points for calculating the propagation time of the cracking surface, and the difference between the two is 2,983 s. The calculated expansion rate of the cracking surface is about 25.8 μm/s.
For the single macroscopic cracking surface formed in the green elliptical region in Figure 12B, the lengths of the cracking surface on the plane ABCD and plane A`B`C`D` are 72 and 48 mm, respectively, with an average of 60 mm. By using the AE localization analysis, it is found that the cracking process extends from one end to the other end of the macroscopic cracking surface. The experimental monitoring shows that the starting and ending points of the macroscopic cracking surface expansion time are 365 and 1,625 s, respectively, and the difference is 1,260 s. Therefore, the expansion rate of the cracking surface can be estimated to be 47.6 μm/s.
6 DISCUSSION
It should be pointed out that the crack morphology is very different in practice, the evolution process of crack propagation is very complex, and the propagation process of the cracking surface in three-dimensional space is more complex. It is very difficult to accurately measure the expansion rate of the cracking surface. Therefore, this article determines the length of macro cracks by forming a two-dimensional spatial cracking surface and calculating the average value. At the same time, due to the continuous evolution process of rock cracks, it is subjective to determine the initiation and termination time of the rock cracking surface, which will lead to errors in calculation of the cracking surface expansion time. In addition, the expansion of the spatial cracking surface does not necessarily develop from one end to the other, but may simultaneously propagate and connect with each other from multiple locations inside the rock to form a macroscopic cracking surface. Therefore, the expansion rate of the cracking surface in this article is only a ratio of the average projection length of the final macroscopic cracking surface on the two-dimensional plane and its expansion time, and does not pay attention to the specific expansion form and process of the cracking surface. In this article, the expansion rates of three typical cracking surfaces are 77.3 μm/s, 25.8 μm/s, and 47.6 μm/s, respectively. Therefore, it can be considered that the cracking expansion rate of granite within the scope of this study is about the magnitude of 10−5–10–4 m/s.
7 CONCLUSION

(1) Under true triaxial condition, the number of post-peak steps increases first and then decreases with increasing σ2. It is generally believed that the brittle stress drop is caused by tensile failure, and the post-peak steps are caused by shear failure. This means that the post-peak failure of the rock becomes more complex with the increase in σ2, indicating that with increasing σ2, the rock failure evolves from shear failure to a more complex tension–shear mixed failure and finally evolves into a failure mode dominated by tensile failure.
(2) The overall level of the fracture angle (θ) of granite at low σ3 is higher than that at high σ3, and the number of macroscopic cracks is relatively large in the σ1–σ3 plane. When σ3 is high, most samples have only one macroscopic main crack, and the fracture angle (θ) is generally low. In the range of the stress level in this article, when σ3 is high, the fracture angle of granite increases with increasing σ2, and the regularity is obvious, while when σ3 is low, the regularity of the fracture angle increases with increasing σ2 is not obvious.
(3) According to the difference of crack propagation time and formation process, it is found that there are three different types of cracking processes in granite. At the same time, the expansion rates of the three different racking types are calculated by a simplified treatment, which are about the order of 10−5–10–4 m/s.
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