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Abstract

:

The deformation and failure process of rocks is a gradual process. The purpose of this study was to examine the characteristics of rocks in different stages through a cyclic loading experiment. The experiment was carried out based on the MTS815 rock mechanics test system combined with acoustic emission monitoring equipment to study the typical characteristics of two kinds of granite in the stages of crack closure, linear elastic deformation, crack initiation and stable crack growth, along with crack damage and unstable crack growth. The results showed that there were significant differences in the characteristics of the strain response, energy evolution, and acoustic emission of the two granites in the different stages. Although the microstructure and mineral elements of the two granites are different, the characteristics of the two granites in the same stage were similar, indicating that the stage characteristics of brittle rocks in the failure process may be widespread and have significant similarities.






Keywords:


granite; cyclic loading; MTS; strain characteristics; acoustic emission












1. Introduction


The deformation and failure process of rocks is a gradual process. The initiation, extension, and coalescence of new and old microcracks in rocks make the macro-deformation characteristics of rocks show significant stage characteristics. Many scholars [1,2] have demonstrated that the pre-peak stages of brittle rocks can be divided into four stages according to the crack evolution [3,4,5]: include crack closure, linear elastic deformation, crack initiation and stable crack growth, and crack damage and unstable crack growth. In the crack closure stage at the initial stage of loading, the discontinuity inside the rock gradually closes, and the deformation modulus of the rock gradually increases macroscopically. After most of the discontinuities in the rock are closed, the rock enters the linear elastic deformation stage. The axial strain and circumferential strain of the rock are approximately linear with the axial stress. The axial stresses corresponding to the start point and end point of this stage are called crack closure stress and crack initiation stress, respectively. After entering the stage of crack initiation and stable crack growth, the microcracks in the rock begin to sprout and develop, the axial and circumferential strain responses deviate from linearity, and a turning point in the rock volume from compression to expansion occurs [1,6,7]. The axial stress corresponding to the end point of this region is crack damage stress. In the stage of crack damage and unstable crack growth, the circumferential strain increases rapidly, the volumetric strain of the specimen changes from negative to positive, and the volume expands. Different from the previous stage, the crack propagation in this stage cannot be controlled, which means that, even if the applied load remains unchanged, the crack will continue to expand until the rock fails. The difference in the rock mechanical response in different stages is of great significance for practical engineering problems. Andersson et al. [8] and Martin and Christiansson [9] proposed that the in situ spalling strength can be estimated using the rock crack initiation stress measured in a laboratory uniaxial compression test. In relevant studies [10,11,12,13], initiation stress and damage stress are two of the mechanical parameters of rocks in rock constitutive equations.



The identification of rock failure processes is of great significance for the prevention and control of engineering geological disasters [14]. Acoustic emission is the phenomenon of strain energy released in the form of elastic waves from microcracking behaviors within rocks [15,16]. Parametric features (count, peak amplitude, rise time, duration, energy, entropy, peak frequency, etc.) can be obtained from the acoustic emission spectrum and waves [17,18], which provide information for identifying microcracking behaviors during the deformation process of rocks. It has been proven that the acoustic emission parameters extracted from the detected acoustic emission waves are closely related to the evolution of fatigue damage [19,20,21]. Among them, the RA-AF crack classification criteria are widely used in understanding the failure mode [22], and the development process of cracks in different stages during the deformation process of rocks can be obtained by calculating the number or proportion of crack signals [23,24]. Zhao et al. [25] analyzed the differences in the types of cracks when sandstone exhibits different fracture modes, indicating that specimens characterized by shear failure have more shear crack acoustic emission signals during deformation.



The study of rock behavior under cyclic loading originated in mining science [26] and has extensively incorporated oil and natural gas storage [27,28], pumped storage power plants [29], slopes [30], tunnels [31], and other fields. Laboratory studies of cyclic loading can be roughly divided into two categories based on the load form and research purpose. One category involves determining the fatigue limit of rocks through constant-amplitude cyclic loading [32,33]; the other category uses increased mean stress and amplitude to study the rock damage evolution [34] and mechanical parameters [35]. This type of cyclic loading experiment is called a damage-controlled test [36]. Future sustainable energy systems need to be equipped with integrated energy storage technologies, such as pumped storage and compressed-air energy storage. In these projects, the surrounding rock will bear complex forms of cyclic loading. It is difficult to study the mechanical responses of rocks in different stress stages through monotonic loading tests. Therefore, in this study, a cyclic damage-controlled experiment was used to study the mechanical responses and acoustic emission characteristics of brittle rocks in different stress stages. Firstly, the pre-peak crack thresholds of two kinds of granite were determined. On this basis, the typical characteristics of the two kinds of granite in different stress stages were studied through a cyclic loading test with crack thresholds as the stress boundaries.




2. Experimental Materials and Procedures


2.1. Experimental Samples


The two granites used in this study were taken from Zhen’an in Shaanxi Province and Rizhao in Shandong Province, China. They are gray and light brown, respectively, and both are compact massive structures. The microstructures and energy spectrum analyses of the two granites are shown in Figure 1. It can be seen from the figure that there are obvious differences in the microstructure and mineral elements between the two kinds of granite. The MTS815 Flex Test GT rock mechanics experimental system was used in the experiment, as shown in Figure 2. This system can measure the axial and radial deformation of the specimen in real time and record the load, stress, displacement, and strain values. According to the method recommended by the International Society of Rock Mechanics (ISRM), the two granites were loaded in a cylinder with a diameter (D) of 50 mm and a height (H) of 100 mm. Before the test, the appearance of the processed rock samples was carefully observed to confirm that there were no obvious weak surfaces, such as joints or cracks.




2.2. Crack Thresholds of the Two Types of Granite


Stress stages are categorized according to the characteristic crack threshold, and the study of stress stages is based on the accurate selection of the crack threshold. Crack damage stress can be determined using the maximum point of the total volumetric strain [1]. Martin and Christiansson [9] proposed that the determination of the crack closure threshold and the crack initiation threshold can be carried out using the relationship between the crack volumetric strain and the axial strain, as shown in Figure 3. The elastic volumetric strains (   ε v e   ) and crack volumetric strains (   ε v p   ) of cylindrical specimens can be obtained using the following equations:


   ε v e  =   1 − 2 ν  E     σ 1  + 2  σ 3     



(1)






   ε v p  =  ε v  −  ε v e   



(2)




where  ν  and  E  are the Poisson ratio and elastic modulus obtained according to the linear elasticity stage, respectively.



The pre-peak crack thresholds of the two kinds of granite were measured. Two to three groups of experiments were carried out for each kind of granite. The average crack thresholds obtained are shown in Table 1.




2.3. Experimental Scheme


To further explore the use of cyclic loading in order to study the mechanical properties of rocks under certain stress levels, cyclic loading using the crack threshold as the limit was conducted on the two granite specimens during the four pre-peak stages: crack closure, linear elastic deformation, crack initiation and stable crack growth, and crack damage and unstable crack growth. The crack thresholds used in the experiment are shown in Table 1. Due to the differences between the rock samples, in order to prevent the specimens from rapidly failing when the strength neared its peak, according to the pre-experimental results, the load amplitude in the crack damage and unstable crack growth stage was reduced, and the corresponding peak strength was reduced by 5 MPa. The loading rate in the experiment was fixed at 10 kN/s. The stress path is shown in Figure 4. Three groups of experiments were carried out for each kind of granite. AE data acquisition was carried out using a PCI-II AE testing system from Physical Acoustics Corporation (PAC), Princeton Junction, NJ, USA. The signals obtained from the AE sensor were amplified with a gain of 40 dB to filter the background noise, and the AE trigger threshold was set to 40 dB for each test. The main operating frequency range of the AE sensor used in the experiment is 35–100 kHz, and the resonant frequency is about 55 kHz.





3. Analysis of Experimental Results


3.1. Strain Characteristics


Figure 5 and Figure 6 show the stress-strain curves of the two granites during the experiment. During the crack closure stage, the granite specimens mainly underwent compressive deformation along the axial direction, the lateral tensile deformation was small, and the specimen’s volume was compressed. In the first few cycles of this stage, the specimen showed obvious irreversible deformation. This shows that, unlike the results obtained by Alkan et al. [37] in a triaxial compression test of rock salt, the crack closure process of granite is irreversible.



Because the rock is not an ideal elastoplastic material and the linear elastic deformation stage is not completely elastic, the specimen underwent low-level axial compression and lateral expansion under loading. In addition, the rock sample underwent a certain axial and lateral expansion after the initial cycle. However, the specimen’s crack volumetric strain was essentially 0.



During the crack initiation and stable crack growth stage, irreversible axial and lateral deformation mainly occurred during the initial cycle under this stress level. The irreversible axial and lateral deformation generated during a single cycle gradually became 0 as the number of cycles increased, and the corresponding specimen underwent gradual and stable volume expansion, indicating that rock fracturing under cyclic loads below the crack damage threshold can converge to a fixed level. In addition, the crack propagation in this stage can be controlled using the load’s magnitude.



During the crack damage and unstable crack growth stage, the specimen underwent a certain irreversible circumferential and volumetric deformation after each loading and unloading process. As the number of cycles increased, the hysteresis curves of the circumferential and volumetric strains could be divided into three processes: (1) during the first several loading and unloading cycles, the hysteresis curve was sparse; (2) then, the hysteresis curve remained dense, and irreversible deformation accumulated at an almost constant rate; and (3) finally, when the damage accumulated to a certain level, the hysteresis curve became very sparse again until the specimen failed. In this stage, irreversible circumferential and volumetric deformation continuously accumulated, resulting in irreversible deformation that was several times that of the previous three stress stages.



Irreversible deformation is the main macroscopic manifestation of rock damage, and thus the irreversible deformation compliance    C    i , j    p    was introduced to evaluate the development of rock damage in each stage. The irreversible deformation compliance is expressed as follows:


   C    i , j    p  =   Δ  ε    i   p    Δ  σ j     



(3)




where    ε i    denotes the irreversible axial, lateral, and volumetric deformation caused by the initial loading and unloading cycle in each stress stage, and   Δ  σ j    represents the difference between the cyclic load’s upper and lower limits in each stress stage.



The    C    i , j    p    of the two granite specimens in the different stress stages is shown in Figure 7. Irreversible axial deformation involves the superposition of the closure and the development of cracks inside the specimen along the axial direction. The irreversible axial deformation compliance    C    a , j    p    changed slightly in the different stress stages, indicating that the limited axial load caused the granite specimens to essentially exhibit the same rate of damage along the axial direction in the different stress stages. Compared to    C    a , j    p   , the irreversible circumferential deformation compliance    C    c , j    p    can better reflect the rock damage development process. The    C    c , j    p    values corresponding to the four pre-peak stages were all less than 0, and the absolute value increased nonlinearly, indicating that the development speed of the internal cracks along the circumferential direction increased significantly as the load level increased. The irreversible volumetric deformation compliance    C    v , j    p    was positive during the crack closure stage; meanwhile, it was essentially 0 during the linear elastic deformation stage, and it was significantly reduced during the subsequent stages. These observations show that the rock’s internal cracks changed from closed to open under the load, and the rock’s overall damage rate also significantly increased.




3.2. Nonlinear Hysteresis


The stress-time and strain-time curves were normalized. According to the previous division of the stress stages, the typical curves of each stress stage are shown in Figure 8 and Figure 9. The normalization formulas are as follows:


   V σ  =   σ −  σ  min      σ  max   −  σ  min      



(4)






   V ε  =   ε −  ε  min      ε  max   −  ε  min      



(5)







The inhomogeneity and multicomponent characteristics caused the rock’s unique hysteresis. During the linear elastic deformation stage, both the axial and circumferential strain phases were essentially the same as the stress phase, indicating that the granite is significantly linearly elastic in this stage. During the stages of crack closure, crack initiation, and crack damage and unstable crack growth, the axial strain phase led the stress phase during the loading process and lagged the stress phase during the unloading process. The circumferential strain increased with the number of cycles due to the influence of the irreversible circumferential deformation, and the circumferential strain phase lagged the stress phase during both the loading and unloading processes.



There may be a leading, equal, or lagging relationship between the strain phase and stress phase, and the relationship between the two is mainly affected by two factors. The first is the viscosity of the liquid between the mineral particles and the friction between the interfaces. Because the stress has an impact on these phenomena, the hysteresis effect that they cause is significantly correlated with the load’s magnitude. During the initial loading stage, the load is relatively small, the pore pressure and the normal force between the contact surfaces are also relatively small, the liquid viscosity and friction between the interfaces are relatively weak, and the specimen’s strain rate is relatively large. As the load increases, the squeezing effect between the mineral particles gradually increases, and the liquid viscosity and friction between the interfaces also increase, resulting in a gradual slowdown in the specimen’s strain rate. Therefore, the strain rate is first large and then small, which results in the strain phase leading in the strain-time curve. In contrast, during the unloading process, the strain rate is first small and then large, which results in the strain phase lagging in the strain-time curve. The second factor is irreversible deformation of the rock. This irreversible deformation changes the initial position of the strain under cyclic loading, thereby affecting the relationship between the strain phase and stress phase. Figure 10 shows the effect of the above two factors on the phase change.



Elastic deformation and irreversible deformation occur simultaneously any time a rock is under a load, and the proportions of the two are different in different stages, resulting in a difference in the relationship between the strain phase and stress phase in different stages. Because the irreversible axial deformation is relatively small, the liquid viscosity and interfacial friction are the dominant factors that govern the relationship between the axial strain phase and the stress phase. Therefore, during the stages of crack closure, crack initiation, and crack damage and unstable crack growth, the overall manifestation of the granite samples’ phase was as follows: the axial strain phase led during the loading process, and the axial strain phase lagged during the unloading process. The irreversible lateral deformation was relatively large, and the liquid viscosity, interfacial friction, and irreversible deformation together constituted the relationship between the lateral strain phase and the stress phase. During the stages of crack closure, crack initiation, and crack damage and unstable crack growth, as the specimen’s stress level gradually increased, the distance between the mineral particles gradually decreased, resulting in increases in the liquid viscosity and interfacial friction and, in turn, an increased hysteresis effect caused by the liquid viscosity and interfacial friction; therefore, hysteresis of the circumferential strain occurred in the following order: crack closure < crack initiation < crack damage and unstable crack growth.




3.3. Energy Evolution


As shown in Figure 11, there was residual strain in the rock after unloading in the cyclic loading experiment, as indicated by the noncoincidence of the loading and unloading curves. The area under the stress-strain curve during the loading stage is the total energy density    U i    generated by the external force; the area under the stress-strain curve during the unloading stage is the elastic strain energy density    U i e   , which can be released inside the rock; and the difference between    U i    and    U    i   e    is the dissipated energy density    U i d    of the rock’s internal damage or plastic deformation loss. If there is no heat exchange between the rock sample and the outside world during the experiment (the total energy of the rock remains unchanged in an isolated system),    U i e    and    U i d    can be calculated using the following equations [38]:


   U    i   e  =    ∫   ε ″     ε ′      σ i  d  ε i      



(6)






   U    i   d  =    ∫ 0   ε ′      σ i  d  ε i     −    ∫   ε ″     ε ′      σ i  d  ε i      



(7)




where    ε ′    is the axial strain corresponding to the end of loading, and    ε ″    is the axial strain corresponding to the end of unloading.



According to the uniaxial cyclic loading and unloading stress-strain curves, the variation patterns of the two granites’ total energy density, elastic energy density, and dissipated energy density in the different stress stages were obtained, as shown in Figure 12 and Figure 13.



The elastic energy, dissipated energy, and cumulative dissipated energy of the two granites in each stress stage had similar characteristics. The energy dissipated during the crack closure stage provided the energy required to close the pores or microfractures within the rock, with each loading and unloading cycle creating fixed dissipated energy. In addition, the cumulative dissipated energy increased linearly with the number of cycles. During the linear elastic deformation stage, the work conducted by the testing machine on the rock sample was almost completely converted into elastic energy stored in the rock sample, and the dissipated energy was essentially 0. During the crack initiation and stable crack growth stage, the dissipated energy was relatively large during the first few cycles and gradually decreased as the number of cycles increased, finally approaching zero. In the initial stage of crack damage and unstable crack growth, the dissipated energy generated during a single loading and unloading cycle gradually decreased. As the elastic energy was released and the dissipated energy increased, the accumulation of irreversible deformation in the loaded rock sample triggered a reduction in the rock sample’s energy storage properties, and the dissipated energy increased significantly during the several cycles that occurred when the rock was close to failure.




3.4. Crack Propagation Evolution


AE activity in rocks is the result of dislocation movement, grain boundary migration, or microcrack closure, initiation, propagation, and merging. AE source localization is an effective means of characterizing the damage evolution during rock loading, since it allows the damage and crack evolution throughout the loading process to be continuously visualized in time and space. In general, if the rock’s wave velocity is known and constant, then at least (n − 1) sensors are needed for an n-dimensional problem [39]. To obtain a better localization, a total of six sensors were used in this experiment, with three sensors arranged at the upper and lower ends on a horizontal plane 5 mm away from the ends, as shown in Figure 14.



Figure 15 and Figure 16 show the spatial distribution patterns of the AE events in the different stages. In the figures, the AE events are drawn as spheres. A sphere’s size represents the AE event’s level of energy, and the sphere’s color (from purple to red) represents the order in which the AE events occurred. Since there are dense acoustic emission events in the stage of crack damage and unstable crack growth, this stage was divided into three parts according to the same time interval.



The spatial distribution patterns of the AE events in each stress stage had their own characteristics. During the crack closure stage, due to the friction of the crosshead, the AE events were mainly distributed at the top and bottom of the rock sample, and there were fewer AE events in the middle. At the same time, the energy of the AE events that occurred during the initial stage of loading was significantly greater than that of the subsequent AE events. This phenomenon correlates with the conclusion in Section 3.1 that irreversible deformation occurs mainly during the initial loading and unloading, suggesting that crack closure and pore compaction in this stage occur mainly during the initial loading but that compaction still occurs during the subsequent cycles. During the linear elastic deformation stage, the specimens were dominated by the matrix’s elastic deformation, there was no obvious internal damage, and the AE events were sparse. However, AE events during the crack initiation and stable crack growth stage occurred throughout the whole specimen. In particular, the AE events were almost evenly distributed, indicating that crack initiation occurred randomly in this stage and that there was no connection between the microcracks. The AE events during the crack damage and unstable crack growth stage gradually transformed from a random disordered pattern during the previous stage to a localized order. The time sequence shows that there was obvious aggregation of AE events early during this stage, and the subsequent cycles only caused the AE events to become denser, showing that many cracks appeared in the rock, which were connected to each other and eventually formed a macroscopic failure surface in the sample.



When studying the strength of metal materials, it is often found that the peak RMS value of AE signals occurs near the yield point. Figure 17 and Figure 18 show the AE count and average RMS value of the granite samples during a single cycle with a loading process. In the cyclic loading test of the granites, there were no obvious characteristics of the RMS value before failure, but there were differences in the characteristics in the different stress stages. In the stage of crack damage and unstable crack growth, the RMS value significantly increased compared to that in the first three stages, corresponding to a strong dislocation inside the material. The AE count is closely related to the development of cracks in the interior of rocks, and an increase in its value indicates an acceleration in the rate of rock damage. In the initial stage of loading, the rock was in the crack closure stage, and new cracks had not yet been generated, resulting in relatively low acoustic emission ringing counts. There was no significant crack propagation inside the rock during the linear elastic deformation stage, and the AE count was essentially zero. The AE count in the crack initiation and stable crack growth stage gradually decreased as the cyclic loading progressed. Overall, in the first three stages, when the load exceeded the maximum stress value of the previous level, the AE count increased significantly, but it gradually decreased during the subsequent cycles at the same load level, which demonstrates the existence of a significant Kaiser effect. When the magnitude of the cyclic load reached the stress threshold in the stage of crack damage and unstable crack growth, the ringing count of the specimen per cycle was large, the acoustic emission information was intensive, damage constantly accumulated, and plastic deformation developed rapidly until the specimen failed.



Two AE parameters, namely the ratio of the rise time to the amplitude (RA) and the average frequency (AF), can reflect the type of cracks inside the rock [40,41]. The RA value is the ratio of the rise time to the amplitude, and the AF is obtained from the ratio of the ringing count to the duration. For tensile cracks, the elastic energy is released instantaneously, so the rise time and duration are short, the amplitude is large, and the ringing count is large. Therefore, the RA value is small, and the AF value is large. Shear cracks, on the other hand, exhibit the opposite pattern.


   AF =     AE   count     AE   duration     



(8)






   RA =     AE   rise   time     AE   amplitude     



(9)







According to the Japanese JCMS-III B5706 (2003), which is the monitoring method for active cracks in concrete using AE [42], the slope of the dividing line in Figure 19 is defined as k, where signals with AF/RA < k are defined as shear crack signals, and signals with AF/RA > k are defined as tensile crack signals. Ohno and Ohtsu [43] found that the classification of crack types with k = 80 was close to the results obtained through Simplified Green’s functions for Moment tensor Analysis (SiGMA). Gan et al. [44] used k = 90, and the RA-AF determination result was the closest to the inversion result of the moment tensor; their study also demonstrated that the k estimated from the whole process was applicable during all loading phases.



The distribution of tensile and shear cracks in the granites was studied in advance, with k equal to 85, 90, and 95. The results showed that, when k was taken between 85 and 95, the value of k had little effect on the proportion of tensile and shear cracks. Therefore, subsequent studies were conducted under the condition of k being equal to 90. Figure 20 and Figure 21 show the distribution of the two types of granites’ RA and AF values in the different stages. During the crack closure stage, the AE events were distributed in both the tensile and shear crack regions, with the AF concentrated in the range of 0–100 kHz and the RA concentrated in the range of 0–5 ms/V. During the linear elastic deformation stage, the number of AE events was relatively small, and most of the cracks were tensile cracks. During the crack initiation and stable crack growth stage, the number of AE events began to gradually increase; the AF was concentrated in the range of 0 to 125 kHz, the RA was distributed in the range of 0 to 20 ms/V, and the percentage of shear cracks increased. During the crack damage and unstable crack growth stage, AE events were active, the RA was widely distributed in the range of 0–40 ms/V, and the number of shear cracks increased; however, the proportion of shear cracks was still lower than that of tensile cracks. Overall, for the two granites, the cracks generated in each pre-peak stage were all tensile and shear cracks, and the tensile cracks were dominant.





4. Discussion


In contrast to conventional cyclic loading, the experiments conducted in this study emphasize the objectivity and accuracy in setting the cyclic stress amplitude. The variation pattern of these parameters can be regarded as a macroscopic statistical reflection of the microcrack evolution inside the rock. The crack evolution characteristics of the two granites in the different stress stages were significantly consistent. AE events with relatively high energy occurred at the beginning of the crack closure stage, and the ratio of shear cracks to tensile cracks was approximately 2:3. During the linear elastic deformation stage, the matrix’s elastic deformation was dominant, and AE events were sparse; during the crack initiation and stable crack growth stage, AE events were uniformly distributed within the specimen, indicating that crack initiation occurs randomly, and the proportion of shear cracks increased. At the beginning of the crack damage and unstable crack growth stage, AE events showed obvious aggregation, while AE events during the subsequent cycles were denser, and the proportion of shear cracks further increased but was still lower than that of tensile cracks.



Rocks are multiphase, multicomponent, nonhomogeneous natural geological materials, and complex cracks, joints, and pores are distributed inside them, which makes their internal stress field very complex under loading. Therefore, when a rock is loaded beyond its stress history for the first time, a new round of microcrack adjustments inside the rock can be triggered. It is reasonable to speculate that the closure of old cracks and the development of new cracks within a rock under loading occur at every moment, and that the proportions of the two affect the rock’s macroscopic mechanical properties. During the crack closure stage, the closure of rock cracks is greater than that during crack initiation, and the rock becomes compacted macroscopically. During the linear elastic deformation stage, crack closure and crack initiation are similar, and the rock macroscopically behaves as an approximate elastic body. During the crack initiation and stable crack growth stage, the crack initiation is greater than the crack closure, and the stress concentration causes local stress in the rock that is greater than the average stress calculated according to the apparent area. However, after many cycles, the rock reaches a new steady state after structural adjustment. During the crack damage and unstable crack growth stage, crack initiation dominates. After multiple structural adjustments, the rock cannot reach a new steady state, and a chain reaction occurs. The external load causes the rock’s internal structure to adjust, but the adjusted structure still cannot bear the external load. Under this level of external load, the rock’s internal damage gradually accumulates until the rock fails.




5. Conclusions


(1) Irreversible deformation mainly occurs when a rock is subjected to a load that exceeds its stress history for the first time. However, one monotonic load cannot completely release the rock’s plastic deformation potential, which is particularly obvious during the crack damage and unstable crack growth stage.



(2) Due to the influences of the liquid viscosity, interfacial friction, and irreversible deformation, the overall manifestation of the granites’ phase during the stages of crack closure, crack initiation, and crack damage and unstable crack growth was as follows: the axial strain phase led during the loading process, the axial strain phase lagged during the unloading process, and the hysteresis of the circumferential strain gradually increased.



(3) The dissipated energy of a single cycle is associated with the progression of damage or plastic deformation in the rock. In the stage of linear elastic deformation, there is essentially no energy dissipation. During the crack initiation and stable crack growth stage, the dissipated energy of a single cycle gradually decreases with the number of cycles. In the stage of crack damage and unstable crack growth, the dissipated energy of a single cycle first decreases and then increases with the increase in the number of cycles.



(4) In the studied granites, the proportion of shear cracks was lower than that of tensile cracks in the different stress stages. With the increase in cyclic loading, the proportion of shear cracks gradually increased, and AE events gradually occurred in a certain area.
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Figure 1. The two types of granite used in the experiment. (A) Scanning electron microscopy (SEM) image of the Zhen’an granite. (B) Energy spectrum of the Zhen’an granite. (C) SEM image of the Rizhao granite. (D) Energy spectrum of the Rizhao granite. 
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Figure 2. Rock sample and experimental equipment. 
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Figure 3. Determination of crack closure stress and crack initiation stress in rocks using the crack volumetric strain. 
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Figure 4. Stress path of the experiment. 
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Figure 5. Axial, lateral, and volumetric stress-strain relationships, and the elastic and plastic strains of the axial, lateral, and volumetric strains induced by a single cyclic load (Zhen’an granite). 
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Figure 6. Axial, lateral, and volumetric stress-strain relationships, and the elastic and plastic strains of the axial, lateral, and volumetric strains induced by a single cyclic load (Rizhao granite). 
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Figure 7. Irreversible deformation compliance in the different stress stages. 
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Figure 8. Stress-time and axial strain-time curves of the granite specimens. 
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Figure 9. Stress-time and circumferential strain-time curves of the granite specimens. 
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Figure 10. Two influencing factors of the strain phase. (A) Effect of hysteresis caused by liquid viscosity and interfacial friction on the strain phase. (B) Effect of irreversible deformation on the strain phase. 
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Figure 11. Energy per unit volume in the loading and unloading curves at stress level σ′. 
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Figure 12. Total energy density, elastic energy density, and dissipated energy density of the Zhen’an granite in the different stress stages. 
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Figure 13. Total energy density, elastic energy density, and dissipated energy density of the Rizhao granite in the different stress stages. 
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Figure 14. Schematic diagram of the AE sensor layout. 
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Figure 15. Spatial distribution patterns and failure mode of AE events in the different stress stages (Zhen’an granite). 
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Figure 16. Spatial distribution patterns and failure mode of AE events in the different stress stages (Rizhao granite). 
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Figure 17. Changes in the AE count and average RMS value of the granite samples during a single cycle with a loading process (Zhen’an granite). 
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Figure 18. Changes in the AE count and average RMS value of the granite samples during a single cycle with a loading process (Rizhao granite). 
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Figure 19. Fracture mechanism determination based on the RA and AF values. 
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Figure 20. RA-AF evolution of the Zhen’an granite. (A) Stage of crack closure. (B) Stage of linear elastic deformation. (C) Stage of crack initiation and stable crack growth. (D) Stage of crack damage and unstable crack growth. 
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Figure 21. RA-AF evolution of the Rizhao granite. (A) Stage of crack closure. (B) Stage of linear elastic deformation. (C) Stage of crack initiation and stable crack growth. (D) Stage of crack damage and unstable crack growth. 
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Table 1. Average crack thresholds of the two kinds of granite.
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Crack Threshold

	
Mean Value (MPa)




	
Zhen’an Granite

	
Rizhao Granite






	
   Crack   closure   threshold    σ  cc     

	
40

	
31




	
   Crack   initiation   threshold    σ  ci     

	
45

	
47




	
   Crack   damage   threshold    σ  cd     

	
96

	
89




	
   Peak   strength    σ f    

	
160

	
139
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