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Fracture mechanics behavior and acoustic emission (AE) characteristics of fractured rock mass are related to underground engineering safety construction, disaster prediction, and early warning. In this study, the failure evolution characteristics of intact and fracture (e.g., single fracture, parallel fractures, cross fractures, and mixed fractures) coal were studied and contrasted with each other on the basis of the distribution of max amplitude of AE. The study revealed some meaningful results, where the value of [image: image] (i.e., the distribution characteristic of max amplitude of AE) could represent the failure evolution process of intact and fractured coal. The maximum amplitude distribution of AE events was characterized by Gaussian normal distribution, and the probability of the maximum amplitude of AE events corresponding to 35∼50 dB was the largest. In the stress range of 60∼80%, AE events and maximum amplitude increased rapidly, and the corresponding b value decreased. The energy of AE events showed a downward trend after reaching the maximum value at about 80% stress level. Under the same stress level, the more complex the fracture was, the larger the b value of coal–rock mass was, and the stronger the inhibition effect on the fracture expansion caused by the internal fracture distribution was. Due to the anisotropy of coal–rock mass with a single crack, the distribution of the b value was more discrete, while the anisotropy of coal–rock mass with mixed crack decreased, and the dispersion of the b value decreased. The deformation of cracked coal mainly caused by the adjustment of cracks during the initial loading b value experienced a trend of decreasing first, then increasing, and then decreasing in the loading process. When the load reached 0.8 times of the peak strength, the b value had a secondary decreasing trend, indicating the macroscopic failure of the sample, which could be used as a precursor criterion for the complete failure of coal–rock mass.
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INTRODUCTION
As an important strategic resource in China, coal plays a very important role in primary energy consumption. In the National Energy Development Strategy (2030∼2050), it was predicted that China’s coal output will reach 3.4 ∼4 billion tons in 2020∼2030. In 2030 and 2050, coal will maintain about 55 and 50% of China’s primary energy structure, respectively, so coal will remain the main energy resource in China for a long time in the future. Due to the influence of geological structure and mining, fracture development occurs in the surrounding rock mass. Compared with the intact rock mass, the fractured rock mass has become very sensitive to blasting or mechanical disturbance load. Therefore, the study on the instability evolution characteristics of fractured coal–rock mass has important practical significance for efficient coal mining.
In general, the problem of rock mechanics was the mechanical behavior of fracture rock mass in the engineering scale, especially characters of strength, deformation, and failure of fracture rock mass. And the mechanical behavior of fracture rock mass was always a hotspot and difficult problem in rock mechanical field, where the hotspot was its strong application value and the difficulty lay in obtaining the fracture rock mass specimens. At present, the primary research methods for the fracture rock mass were fastened on the physical simulating test [1–5], numerical analysis [6, 7], in situ test, and others. Many achievements have been acquired through those methods, but their drawbacks are also obvious. For the physical simulation experiment, similar material and prefabricated crack were used to simulate the fracture rock mass specimens. But compared with the rock materials, the differences of similar material in the internal crystal structure, composition, and cementing material led to the essential difference on crack enlargement. Numerical methods were effective ways to study the mechanical behavior of fracture rock mass in recent years; however, the inhomogeneity of rock materials, parameter selection, and the failure criterion were problems that cannot be ignored. For the in situ test, the main problems were as follows: expensive, time consuming, and others. In this study, the fractured rock mass specimens were obtained through preloading the intact specimens to avoid the difficulty of obtaining fractured rock mass.
However, the fracture rock mass was cut by all kinds of structural surfaces, such as primary structural plane and secondary structural plane. This is bound to make the failure mechanism of fracture rock mass different with the intact rock. It must be more complex and diverse. It is very important to analyze this problem more reasonably and effectively. With the development of science, new technologies were also used in the research on rock mechanics, such as CT and AE [8–11]. Especially, since the AE technology was introduced into the field of rock mechanics by Goodman in the 1960s, the AE technique had become an indispensable methodology to study rock behaviors.
At present, there are many studies on the AE response of the rock failure process [12–16]. Chen [17] and Zhang [18] discussed the application of AE technology in rock mechanics research. Li et al. [19] studied the fracture development of intact shale in the fracturing process by using the AE ring number ratio and energy rate, and determined the damage evolution law of shale according to the AE ring number, and characterized the shale degradation behavior. Zhou [20], Zhang [21], and Xu et al. [22] by using AE monitoring system, such as breaking process of rock, studied the AE response of different stress stages. In particular, the AE b value is one of the important parameters; studying the characteristics of rock AE can reflect the change of micro-cracks on rock internal scale, and the b value of mutations usually could be used as rock macroscopic failure precursors [23–25]. Lei et al. [26] showed that the sudden drop of the b value indicated that the interaction between the cracks inside the rock was enhanced, indicating that the rock was about to be unstable and might be destroyed soon. Yang et al. [27] found that the AE b value was relatively small at the early stage of loading, indicating the rock crack compaction behavior. The b value gradually increased in the elastic stage, indicating the elastic deformation behavior of the rock crack. When the stress level reaches 70% in the late loading period, the sudden drop of the b value corresponded to the crack propagation behavior. When the stress level reaches 90%, the low level of the b value indicated the macroscopic failure of rock. Xue et al. [28] found that the b value was abnormal in the early loading stage and was at a high value in the early loading stage. When the stress reached about 80% in the plastic stage, the b value began to decrease rapidly, indicating the rapid development of the number of large-scale cracks. Zha et al. [29] and Zhang et al. [30] believed that in the process of uniaxial compression of rock, the b value dropped sharply with the increase of stress at the late loading period, indicating the fracture of the rock. Lisjak et al. [31] obtained through numerical results that the b value of rock dropped sharply twice in the process of failure. The first time was at the pre-peak stress level of 75%, and the second time was at the pre-peak stress level of 97%. The decrease of the b value indicated that the crack on the main fracture plane was transformed from diffusion nucleation to crack coalescence.
However, the existing studies on AE response and the b value of rock are basically focused on intact rock mass, and there are few studies on AE characteristics during deformation and failure of fractured rock mass. In this study, the fractured coal–rock mass was acquired by preloading the intact coal rock. According to the different combinations of cracks in the fractured coal–rock mass, the specimens could be divided into single fracture, parallel fracture, cross fracture, and mixed fractured coal–rock mass, statistically. Based on rock material with the acoustic emission phenomenon in the failure process under loading, the maximum amplitude of AE events (i.e., the [image: image] value) was used to study the failure evolution process of the intact coal rock, the single fracture, parallel fracture, cross fracture, and mixed fractured coal–rock mass, and then, the failure evolution characteristics and difference between intact rock and fracture rock mass were studied.
TEST SPECIMENS AND EQUIPMENT
Feasibility Analysis and Scheme of Preparation of Fractured Coal–Rock Mass
Technical and Test Equipment Feasibility
Fracture mechanical behavior of rock mass plays an important role in engineering practice. The fracture rock mass specimens were mainly obtained by direct or indirect methods presently. Affected by factors such as sampling and specimen processing, the direct method used to obtain fracture rock mass specimens during manufacturing was difficult. And so, the indirect method was the main method to obtain fracture rock mass specimens.
As the anisotropic materials controlled by the structural plane, the fractured rock mass was obviously different from that of the conventional rock. In order to obtain the fractured rock mass by the loading of conventional rock, it was necessary to analyze and classify the deformation and failure process. For general rock materials, due to their relatively high strength, they had brittle fracture characteristics, most of which were “II” deformation and failure curves. The damage was severe, and the process from cracking to penetrating the specimen was very short. The success rate of obtaining fractured rock specimens was low. For the soft coal rock, the deformation and damage severity were relatively low, showing the “I” type deformation failure curve (Figure 1). It was feasible to stop the loading before the cracks penetrated the test piece to obtain the fractured rock specimen.
[image: Figure 1]FIGURE 1 | Failure evolution of rock in the whole process.
Based on it, the method for obtaining the fractured rock mass specimens was as follows: considering the failure process of coal–rock mass as the development and expansion of internal micro-cracks, and the process of macro-cracking through the test piece. Then by preloading the intact rock specimens, the fracture rock specimens could be obtained by stopping the loading process before cracks penetrated the specimens (Figure 2).
[image: Figure 2]FIGURE 2 | Indirect method of fracture rock mass specimen manufacturing.
As mentioned above, it was feasible to obtain fracture rock mass on a laboratory scale when the test equipment loading system could stop loading after the max loading point and before the destruction point, and then, rock mass specimens with fracture and without destruction could be obtained. In this study, the early prefabricated and later loading of the fracture rock mass specimens were conducted by MTS815 rock mechanics test system (Figure 3) from Sichuan University. The testing system has a higher integral rigidity and electro-hydraulic servo control system, which can achieve a variety of control conditions such as stress, strain, and transformation. The testing system could also be made to stop loading before rock specimens are destroyed completely. Therefore, indoor prefabricated fractured rock specimens are also feasible on the test equipment. In order to avoid other influence of the fracture rock mass on failure evolution, uniaxial compression loading scheme to the specimens was adopted, with the axial loading rate of 10 kN/min before the loading arrived at the peak, and then, lateral deformation control was used after max loading point with the rate of 0.02 ∼ 0.04 mm/min. In addition, in order to capture AE space location points, a total of 8 AE sensors were arranged on the upper and lower parts of the samples in the direction of vertical diameter.
[image: Figure 3]FIGURE 3 | MTS815 rock mechanics test system.
Therefore, whether it was technical feasibility or the requirements of the test equipment, it was feasible to obtain the samples of the fractured coal–rock mass by loading the intact coal rock by laboratory test means.
Preparation Scheme of Fractured Coal–Rock Mass
Based on the MTS815 rock mechanics test system, different loading methods were used to perform fractured coal–rock mass samples of Pingdingshan and Tashan intact coal rock. The loading methods include uniaxial, conventional triaxial, and three different mining methods (the caving, no pillar, and protective layer mining). The relevant loading schemes are as follows [32]:
1) Uniaxial loading test
The axial compression was loaded to the peak load at a rate of 10 kN/min, and the post-peak stage was controlled by transverse deformation. The loading was stopped after the set stress value ([image: image]) was loaded at a rate of 0.02∼0.04 mm/min.
2) Conventional triaxial loading test
It mainly included two stages: adding confining pressure stage, in which the internal confining pressure was loaded to 25 MPa at a rate of 3 MPa/min; in the axial compression stage, when the confining pressure was loaded to 25 MPa, the axial compression was loaded to the peak stage at a rate of 30 kN/min. After the peak, the lateral deformation control was adopted, and the loading was stopped at a rate of 0.02∼0.04 mm/min to the preset stress value ([image: image]).
3) Indoor simulation loading of three mining methods in coal mine
There were mainly three stages: confining pressure loading stage, in which the confining pressure was loaded to 25 MPa at a rate of 3 MPa/min. In the first stage of confining pressure unloading, the confining pressure was unloaded at a rate of 1 MPa/min, and the axial load was loaded to 37.5 MPa at a loading rate of 2.25 MPa/min. In the second stage of confining pressure unloading, the confining pressure continues to be unloaded at a rate of 1 MPa/min. The axial load was loaded at a rate of 2.25, 3.5, and 4.75 MPa/min, respectively, according to the three mining methods of protective layer, top coal caving, and no coal pillar, until the peak. After the peak, the lateral deformation control was adopted. Loading was performed at a rate of 0.02∼0.04 mm/min to the preset stress value ([image: image]) and then stopped.
Through the above indirect method, fractured coal–rock mass specimens could be obtained and classified, and then the failure evolution and difference of intact rock and fracture rock mass could be studied.
Fractured Rock Mass Classification
For the sake of better research on the failure evolution of the fracture rock mass, the fracture rock mass could be divided into single fracture, parallel fracture, cross fracture, and mixed fracture rock mass in the statistical sense based on the space composition and complexity of fracture in rock mass by pre-casting. And the typical specimen photos, CT scans, and their classification of the intact coal and fractured coal–rock mass specimens with different compositions are shown in Table 1. For distinguishing the intact coal and fractured coal–rock mass specimens conveniently, specimen number F represents the specimens were fractured coal–rock mass after pre-casting.
TABLE 1 | Photos and CT scans of typical specimens and their classification.
[image: Table 1]In order to avoid the deviation of the analysis results caused by different rock types, the hard rock and soft rock samples were, respectively, collected from Tashan coal mine and Pingdingshan coal mine, and the fractured rock samples were prefabricated. The physical characteristics and microscopic composition are shown in Table 2. On this basis, the study carried out experimental research through 26 effective specimens, including six intact coal-rock specimens, five single fracture rock masses, three parallel fracture rock masses, five cross fracture rock masses, and seven mixed fracture rock masses.
TABLE 2 | Physical and microscopic features of rock specimens.
[image: Table 2]THE QUANTITATIVE DESCRIPTION OF THE MAXIMUM AMPLITUDE DISTRIBUTION OF ACOUSTIC EMISSION
The maximum amplitude of a single AE event was analyzed during the loading process. For a single AE event, analyzing its maximum amplitude was meaningless, but the significance lies in the distribution of all the maximum amplitude of AE events during the failure process, which could reveal the failure evolution regularities and difference of fracture rock mass. As rock materials, Katsuyama [33] represented the distribution of maximum amplitude of AE through the following Eq. 1.
[image: image]
where [image: image]is the maximum amplitude of AE events in the process of damage, and its unit is[image: image] (0[image: image]is equivalent to100 [image: image], 100 [image: image]is equivalent to 10 V).
[image: image]the frequency distribution of maximum amplitude of a, between the amplitude increased from a to [image: image] on the amount of AE events.
[image: image]constants.
Through Eq. 1, amount of N (A) which was greater than the maximum amplitude of A could be infinite integrals by Eq. 1 as follows:
[image: image]
Therefore,
[image: image]
where [image: image] is the maximum amplitude of AE events during the failure process, [image: image].
[image: image] is the amount of AE events that was greater than (include) the maximum amplitude in the process of failure.
[image: image]constant, [image: image]constant, its physical meaning was equivalent to the probability of hindering to specimen damage, and when the distribution density of blockage was higher, the probability of hindering to specimen damage was greater with the higher value of m.
When letting [image: image], Eq. 3 could be converted to Eq. 4 as follows:
[image: image]
Then, log on both sides of Eq. 4:
[image: image]
Therefore, by collecting AE events during the process of failure evolution, Eq. 5 could be used to obtain a quantitative description index (i.e., the value of b) of maximum amplitude distribution of AE events, where the b value was equivalent to the probability of hindering to the specimen failure. As a quantitative evaluation index, this parameter was used to analyze the failure evolution regularities and difference of fracture rock mass.
TEST RESULT AND ANALYSIS
Based on the uniaxial loading condition, the maximum amplitude distribution characteristics of intact coal rock and four different fractured rock mass were analyzed.
Amplitude Variation Regularities Under Different Stress Levels
As a quantitative description of the maximum amplitude distribution characteristics of AE events in the loading failure process of rock, the b value could reflect the change of crack scale inside rock. In order to explore the similarities and differences in the crack evolution process of coal–rock mass with different fracture degrees in the loading failure process, the amplitude distribution of intact, single fracture, parallel fractures, cross fractures, and mixed fractures coal under different stress levels in the uniaxial loading process is listed in Table 3. Using the above method to calculate the b value, the fitting correlation coefficient under different stress levels was above 0.8, and part could reach 0.9, which showed that the b value error was small, to meet the requirements of the error [34]. Due to the length of the article and considering the small difference of the correlation coefficient of the value at different stress levels, the average correlation coefficient of various coal–rock masses at different stress levels is listed in Table 3. Due to the few AE events in the initial loading stage of individual samples, the b value was partially missing. The results showed that the b value was lower when the stress level was higher, which meant that the b value trended to decrease with the increasing of stress levels.
TABLE 3 | Results of the b value under different stress levels of fractured coal–rock mass.
[image: Table 3]The distribution regularity of the b value for the intact coal and four kinds of fractured coal–rock mass under different stress levels is shown in Figure 4, where [image: image] represents the peak strength, namely, the failure point of the sample; [image: image] is the actual stress. On the whole, the b value tended to decrease with the increasing of stress levels, where the illustrated maximum amplitude of distribution regularity was that AE events with large amplitude were increasing under the condition of the same amount of AE events, the physical meaning was that the propagation extent of internal cracks had a trend of increasing, and the scale of those cracks was becoming larger on the microcosmic with the increasing of uniaxial loading. From the local of the curve from Figure 4, the b value of both intact coal and fractured rock mass had a stage of increasing first and then decreasing, and the stress levels of this stage that appeared in fractured coal–rock mass were obviously higher than those in intact coal; for example, the stress levels of this stage in intact coal were 40 ∼ 60% of the peak, while the fractured coal–rock mass was about 50 ∼ 90%. At this stage, the amount of AE events with large amplitude trended to decreasing, which revealed that the crack extension was restrained during the process of failure. Then, with the increasing of stress levels, AE events with large amplitude increased, but the b value was decreased fleetly. Comparing the b value of intact coal with that of fractured coal–rock mass (Figure 4) at this stage, the more complex fracture contained inside the coal–rock mass, the b value was increased more obviously, and the b value of the fractured coal–rock mass increased significantly higher than that of the intact coal. The b value of intact coal, single fracture, parallel fracture, cross fracture, and mixed fractured coal–rock mass was increased by 0.055, 0.085, 0.106, 0.155, and 0.178, respectively.
[image: Figure 4]FIGURE 4 | Distribution of the b value under different stress levels of fractured coal rock mass.
The more complex the fracture (i.e., in sequence of intact, single fracture, parallel fractures, cross fractures, and mixed fractures coal) in coal–rock mass, the greater b value it was under the same stress level. For example, when the loading reached the peak, the b value of the fracture rock mass from complex to simple was 3.296, 2.875, 2.731, and 2.448, respectively, while the b value of the intact coal was 2.014. In addition, compared with the results of distribution regularity of the b value for the intact coal, single fracture, parallel fracture, cross fracture, and mixed fractured coal–rock mass had a similar trend during the process of failure evolution at the stress level from 0 to the peak.
In conclusion, the characteristic parameter b of maximum amplitude distribution of AE events changing regularities under different stress levels showed that the damage of intact coal and fractured coal–rock mass were embodied as the increasing scale of cracks inside on the microscopic and increasing AE events with large amplitude. During the changing process, the growth of micro-cracks was restrained when the stress had increased to a certain level, and then, micro-cracks inside started to propagate until the stress reached the peak strength. In addition, the b value decreased before the specimen reached instability, which was also consistent with the existing literature reports [35–37]. The decrease of the b value represented the large-scale development of high-energy acoustic emission events. Before the failure, the b value dropped sharply, indicating that the proportion of high-energy large-scale micro-cracks increased gradually, and the development of micro-cracks changed from disorder to order. When the micro-crack size distribution was relatively constant, the b value gradually tended to be stable. Finally, crack penetration led to specimen instability and failure.
The Frequency of Amplitude Distribution in Different Stress Intervals
Due to similar changing regularities of the characteristic parameter b of AE events in intact coal and fractured coal–rock mass during the failure evolution process, in order to study furthermore, the intact coal specimens 1–3# were used as an example to analyze the failure evolution process reflected by the b value in different stress intervals. During the uniaxial loading, the frequency of maximum amplitude distribution of AE events in different intervals is shown in Figure 5.
[image: Figure 5]FIGURE 5 | Maximum amplitude distribution frequency and probability distribution curves of AE in different stress intervals of intact coal-rock mass (1-3).
Combined with the b value of intact coal rock in Table 2, when the stress level was in the interval of 0 ∼ 20%, there was few of AE events with maximum amplitude about 35 ∼ 45 dB mainly. As the stress level was loaded to the interval of 20 ∼ 40%, the amount of AE events and amount of AE events with larger amplitude had increased, where the maximum amplitude was about 35 ∼ 50 dB primarily, and the value b was reduced comparing with the previous interval. When the stress level was in the interval of 40 ∼ 60%, the amount of AE events continued to increase, and the increasing of the low amplitude of the events was faster than that with larger amplitude, which suggested that the propagation of micro-cracks in this interval was restrained, and reflected with the increasing b value. When the stress level was in the interval of 60 ∼ 80%, the amount of AE events with large amplitude had increased rapidly compared with the previous interval, especially the AE events with maximum amplitude about 50 ∼ 60 dB, which embodied that the large scale of cracks were developing rapidly on the microscale, and reflected with the reducing b value. After loading the stress level to the interval of 80 ∼ 100%, the growth of AE events with maximum amplitude was getting to be stable, and the reducing of the b value was also gently. And comparing with the previous interval with larger scale of cracks developed, the crack development was dominated by adjustment and began to expand along the existing large scale of cracks on the microscale.
In order to better reflect the amplitude distribution characteristics of coal–rock mass, the Gaussian normal distribution function “[image: image]” was selected to perform statistical probability fitting for the maximum amplitude of AE events, and the Gaussian normal distribution curve as shown in Figure 6 was obtained. Its distribution function and degree of fitting are shown in Table 4. AE events with amplitude distribution have good Gaussian normal distribution characteristics, such as high fitting degree. In different stress regions, the probability of AE events concentrated in the range of maximum amplitude from 35 to 50 dB is the largest.
[image: Figure 6]FIGURE 6 | Maximum amplitude distribution frequency and probability distribution curves of AE events from 0 to peak of intact coal and fractured coal-rock mass.
TABLE 4 | Gaussian normal distribution function of frequency distribution of AE maximum amplitude in different stress zones of intact coal–rock mass (1–3).
[image: Table 4]In summary, the quantitative evaluation index b value could reflect very well in the distribution regularities of maximum amplitude of AE events during the failure evolution process of coal, and the maximum amplitude of AE events could directly reflect the expanding intensity of cracks in the coal. Therefore, the characteristic parameter b of AE events could describe the failure evolution process of coal well. In addition, the stress interval with a large amplitude increase could be used as a precursor to the peak of the specimen through the maximum amplitude distribution frequency of the AE event. Then, the b value that characterizes the maximum amplitude distribution of the AE event was drastically reduced to the stress level when it was gradual as a pre-destruction.
The Variation Regularities of Maximum Amplitude Between Different Fractured Rock Mass
The maximum amplitude distribution frequency of AE events for intact coal and fractured coal–rock mass during the stress level from 0 to the peak loading is shown in Figure 6.
As shown in Figure 6, the distribution frequency of maximum amplitude of intact coal was more “full” than that in fractured coal–rock mass from the distribution shape, where it was more “slender” in fractured coal–rock mass. And comparing the shape in different fracture rock mass, the more complex the fracture (i.e., in sequence of intact coal, single fracture, parallel fractures, cross fractures, and mixed fractures) in coal–rock mass, the more “slender” it was. Based on the distribution characteristics of maximum amplitude of AE events, the intact coal had more AE event amount and more distribution range, where the amplitude of AE events was distributed mainly in the interval of 35 ∼ 55 dB, and there were 87 AE events with amplitude more than 70 dB. For the fractured coal–rock mass with more complex fracture, the decrease of AE event amount was more obvious, and the AE events with large amplitude reduced more. Taking mixed fracture of coal–rock mass as an example, the maximum amplitude of AE events was mainly from 35 to 45 dB, where the amount of AE events declined steeply when the amplitude was larger than 45 dB, and there were no AE events with amplitude greater than 70 dB. So, compared with intact coal and fractured coal–rock mass, the more complex the fracture (i.e., in sequence of intact coal, single fracture, parallel fracture, cross fracture, and mixed fractured coal–rock mass), the more reduction of the total AE events and the amount with large amplitude of AE events. The reason for this was that with more complex fracture inside, the internal cracks could expand along the existed fracture more easily, and the cracks expanding with large scale were reduced more for the low bearing capacity of rock bridge cut by fractures.
In order to better reflect the amplitude distribution characteristics, through statistical probability fitting of the distribution frequency of the maximum amplitude, the Gaussian normal distribution law of the maximum amplitude distribution frequency with a high degree of fit can be obtained. Table 5 shows the Gaussian normal distribution function and fitting degree of coal–rock mass with different fracture combinations. It was observed that the probability of the maximum amplitude event of AE occurred at about 45 dB was the largest.
TABLE 5 | Gaussian normal distribution function of maximum amplitude distribution frequency of intact coal and fractured coal–rock mass.
[image: Table 5]Based on the characterization of the maximum amplitude distribution at the range from 0 to the peak loading, the b value characteristics at the peak stress of coal–rock mass with different fractures were further analyzed. As shown in Figure 7, under uniaxial loading, the b value at the peak stress of intact coal, single fracture, parallel fracture, cross fracture, and mixed fractured coal–rock mass was 2.014, 2.448, 2.731, 2.876, and 3.269, respectively. Thus, the b value of intact coal was the smallest, while the b value of coal–rock mass with mixed fractures with the most complex fractures was the largest. Thus, the more complex the primary fractures were, the greater the b value was, where the physical meaning was that the more complex the fracture inside, the more barriers existed to restrain crack propagation caused by internal crack distribution. On the microscale, the main reason for this was that the more the fractures existed in the coal–rock mass, the lower the capacity of bearing the load and storing less energy inside, and the cracks could be better adjusted during the crack propagation for the more the fractures existed, which led that the more complex the fractures inside, the less scale cracks happened. In addition, as shown in Figure 8, the b value distribution of single fracture coal–rock mass was more discrete, where the reason was that the bearing capacity of single fractured rock mass was influenced by the direction between the load and fracture, and the characteristics of anisotropic were reflected. For mixed fractured coal–rock mass, the discrete degree of the b value was lower than the single fracture inside, where it was shown that the effects were reduced which was caused by the direction between the loading and fracture with lower characteristics of anisotropic.
[image: Figure 7]FIGURE 7 | The b value of intact coal and fractured coal–rock mass at the peak loading (σ = σmax).
[image: Figure 8]FIGURE 8 | The b value distribution of intact coal and fractured coal–rock mass.
Temporal and Spatial Distribution Characteristics of Acoustic Emission Events
In order to reflect the relationship between the evolution of internal fractures and the degree of main fractures in the process of coal–rock failure, the spatial distribution of AE events and energy in the process of failure evolution of intact coal and coal–rock mass with different fractures is shown in Figure 9. By correcting the accuracy of the AE positioning system in the test process, the experiment was carried out under the condition that the absolute errors of the AE source in X direction, Y direction, and Z direction were all less than 2 mm. As for the energy of AE events, the energy and quantity of AE events in the failure process of intact coal rock were the largest. Compared with the coal–rock mass with different combinations of fractures, the amount of AE events and its energy had shown a trend of decrease when the fractures were more complex. Compared with fractured coal–rock mass, the spatial distribution of AE events in intact coal rock was discrete, and the crack propagation was random, which would not be affected by fracture. However, the spatial distribution of AE events reflected the correlation between the spatial location of fractures and AE events. Taking single, cross, and mixed fractured coal–rock mass as examples, under the condition of uniaxial loading, the expansion of the micro-cracks was controlled by the existing fractures, which led that the AE events were mainly distributed along the penetration failure surface presenting with concentrated distribution on the macroscale. For single fracture coal–rock mass, the AE events were mainly distributed along the surface of existing fracture, while for cross and mixed fractured coal–rock mass, the AE events were mainly distributed in the locked segment.
[image: Figure 9]FIGURE 9 | Spatial distribution of AE events and its energy of intact and fractured specimens. (The size of the sphere reflects the amount of energy).
The amplitude, energy, and the b value of AE events were combined to reflect the failure evolution process of intact coal and coal–rock mass with different fracture combinations and the relationship between the parameters. The relationship among AE event amplitude, energy, and the b value in different stress levels of intact coal and fractured coal–rock mass with different fracture combinations under uniaxial loading is shown in Figure 10.
[image: Figure 10]FIGURE 10 | The distribution of AE event amplitude, energy, and the b value of intact and fractured specimens at pre-peak stress level.
As shown in Figure 10, the energy of AE events in intact coal–rock mass was greater than that in fractured coal–rock mass significantly, and the more complex the fracture was, the lower the AE energy was. At the low stress level, the more complex the fracture was, the deformation in the failure process was mainly adjusted along the existing fracture, and the lower the energy of acoustic emission event was. When the stress level was loaded to 0.6∼0.8 times of the peak strength ([image: image]), the distribution of AE events with large energy was relatively concentrated, caused by cracks extending in special direction. During the stress level of 0.8 ∼ 1, both the AE amplitude and AE energy increased and then decreased. Based on the AE amplitude and energy distribution of intact coal and fractured coal–rock mass, the variation trend of AE amplitude was consistent with that of AE energy, and when the energy value was large, the AE amplitude increased. Comparing with the distribution in intact coal, because of the effect of the existed fractures, AE events with large energy in fractured coal–rock mass were mainly distributed along the failure fracture during the whole loading process, which mainly happened at the stress level about 0.8, while the intact coal–rock mass occurred at 0.6∼0.8 times. The amplitude of intact coal varied continuously during the test, while the amplitude of fractured coal and rock mass changed from disperse to continuity, and the amplitude frequency was high when the stress level was 0.6∼1. The results of this study were consistent with those of Meng et al. [38, 39]. In the compaction and elastic stages, the amplitude of AE energy was relatively low, and new micro-cracks could not be formed under low stress. When the stress entered the plastic stage, the internal structure of coal rock was damaged, and the amplitude of AE energy increased gradually.
As shown in Figure 10, no matter how intact coal or fractured coal–rock mass occurred with different fracture combinations, the energy of AE events showed a decreased trend after reaching the maximum value during the failure evolution process, and it indicated that the failure evolution was dominated by development and extension of cracks with smaller size and breakthrough the rock bridge between cracks after the AE event with maximum energy arrived. In general, the acoustic wave was the external macroscopic representation of crack extension in rock material during its failure process, where the maximum amplitude of the AE event was positively related to its energy. Combined with the distribution of the b value at different stress levels, the b value of AE events showed an increased trend at the stress level of 0.6∼0.8 in fractured coal–rock mass, and it showed that the amount of AE events with large amplitude was decreasing and the internal energy was accumulating during this stress interval. When the stress level was loaded up to about 0.8, the b value was reducing obviously, where the amount of AE events with large amplitude was increasing conspicuously, and it was in accordance with the energy of AE event distribution in this stress level. After the stress level was about 0.8, the failure evolution was dominated by development and extension of cracks with smaller size, and the b value represented the distribution regularities of AE events were decreasing gradually and trending to be gentle finally. Therefore, based on the characteristics during the failure evolution process in fractured coal–rock mass, some regularities could be presented, where the b value would decrease and then increase and then decrease in the pre-peak phase, and the stress level could be considered as the precursor of the b value occurred. For intact coal, internal cracks were extended randomly under uniaxial loading caused by no constraint of existed fractures and higher strength inside, and the AE events with large energy were distributed during the whole failure process, where the b value was decreased on the whole and distinguished from fractured coal–rock mass. When the stress level was loaded up to about 0.8, the b value trended to be gentle after the AE event with largest energy happened, which was in accordance with fractured coal–rock mass. So, based on the variation regularity of the b value reflected and the maximum amplitude distribution of AE events in intact coal and fractured coal–rock mass during the failure evolution process, it could be considered that the second decrease and flattening of the b value is the premonitory criterion of failure.
CONCLUSION
As we know, one of the difficulties in studying the mechanical behavior of fractured rock mass was on how to obtain the fractured rock mass specimens. In this study, the fractured rock mass specimens were obtained by preloading intact rock (coal) in the rock mechanic rigidity servo testing system (MTS815). Then through the acoustic emission phenomenon of rock during loading failure and the maximum amplitude distribution law of the AE event, the failure evolution process of intact rock and fractured rock mass specimens under uniaxial loading condition was studied on the basis of the maximum amplitude distribution of AE events. The main characteristics during the failure process could be concluded as follows:
1) Based on the quantity and spatial distribution of fractures, the fractured rock mass could be categorized into four types from simple to complex, such as single fracture, parallel fractures, cross fractures, and mixed fractures successively in the statistical sense.
2) The b value which represented the characteristics of the maximum amplitude distribution of AE events could be used to reflect the failure evolution process of the rock mass, where the more the fractures inside, the more obvious damage effect and the larger b value were.
3) Under different stress levels, the b value of intact rock and fractured rock mass showed a decreasing trend with the increase of load on the whole. Under the condition of the same stress level, the more complex the fractures inside, the larger the b value was. That is, the value b of intact coal rock < single fractured rock mass < parallel fractured coal–rock mass < cross fractured rock mass < mixed fractured coal–rock mass.
4) During the uniaxial loading, the cracks inside intact rock were extended randomly, and the distribution of AE events was discrete, where the AE events of the cracks inside fractured rock mass were concentrated under the influence of existed fractures.
5) Before the loading reached the peak value, in the process of failure evolution of intact rock mass and fractured rock mass, the b value decreased, then increased and then decreased, and finally tended to be flat. The feature that the b value decreased for the second time and gradually flattened out could be regarded as an early warning signal that the loading reached the peak.
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