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Abstract

:

The precursor of rock failure around a hole has always been one of the research hotspots in the field of rock mechanics, and the distribution of the plastic zone is often adopted to reflect the location and form of rock failure. The shape of the plastic zone around a hole before rock failure can guide the mechanism of and early warning methods for geotechnical engineering disasters, while previous theoretical research and numerical simulation results show that the shape of the plastic zone around the hole is butterfly shaped under specific stress, which is referred to as butterfly failure theory. Studies also indicate that the butterfly shape of the plastic zone around a hole is considered to be the main cause of many disasters, which signifies the importance of studying the morphology of the plastic zone near rock failure. Therefore, this study is committed to finding the specific shape of the plastic zone near rock failure through relatively accurate and a high number of AE event location results, and the final experimental results show that the plastic zone around the hole is basically a butterfly shape near rock failure. This study verifies the correctness of the butterfly failure theory and provides an important reference for the study of geotechnical engineering disaster mechanisms and monitoring methods. The fact that the plastic zone in the early stage of rock failure in this study tends to be butterfly shaped preliminarily indicates the fractal law of rock failure. In the moment before rock failure, the distribution of AE events is more regular, which leads to large-scale collapse type failure.
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1. Introduction


The mechanism, form, monitoring, and early warning methods of rock failure have always been one of the key problems in rock mechanics research. The sudden destruction of rock often causes many geotechnical disasters, such as roof fall [1], rock burst [2,3], collapse [4], earthquake [5], and so on, which poses a great security threat to human production activities [6]. Rock failure is a macro phenomenon, which is caused by the continuous generation and accumulation of plastic zones under a principal stress field [7]. The failure of rock is mainly divided into three forms: compressive failure, tensile failure, and shear failure, which correspond to compressive strength, tensile strength, and shear strength, respectively. The theory of rock failure mainly includes strength theory (like Coulomb–Mohr, von Mises, and Tresca), energy theory, rock burst tendency theory, instability theory, etc. According to the frequently used Coulomb–Mohr theory, rocks are destroyed either by tension or shear. Regardless of the form of damage or failure, plastic zones should normally occur. The plastic zone is the state when the applied force reaches the yield strength, and if the rock continues to bear greater force, it will reach the peak strength and then produce failure [8].



Theoretically, rock failure will occur when the imposed corresponding force of rock exceeds one of the compressive strength, tensile strength, and shear strength values. Of the three strengths, the compressive strength is usually the highest and the tensile strength is usually the lowest. In the field of engineering, rock is often damaged by high compressive stress [9,10], which is considered to be dangerous. Rock compressive failure can be divided into six stages: the elastic deformation stage, the linear elastic deformation stage, the plastic deformation stage, the pre-peak stage, the softening stage, and the residual strength stage. This process is accompanied by crack compaction, elastic deformation, new crack generation, and large-scale failure [11]. Of course, in addition to the influence of external forces, the properties of rocks themselves and the external environment also have certain influences, such as the distribution of cracks or weak inclusions [12] and temperature and humidity [13].



The shape and distribution characteristics of the plastic zone around a hole before failure are worth studying [14,15], and they are directly related to the disclosure of disaster mechanisms and methods of early warning [16]. In studies from recent years, the shape of the plastic zone around a hole can be roughly divided into a circle, ellipse, or butterfly (X shape) under different mechanical states obtained through theoretical calculation [17,18] and numerical simulation [19,20], and these features are called butterfly failure theory [21]. Under the action of a uniform stress field (the principal stresses in three directions are the same), the shape of the plastic zone around the hole is circular [22]. When the ratio of the maximum principal stress to the minimum principal stress is small (like 1.5), the shape of the plastic zone around the hole is roughly elliptical [23], whereas when the ratio of the maximum principal stress to the minimum principal stress reaches more than about 2.5, the shape of the plastic zone around the hole changes to a butterfly shape [24], which is considered extremely dangerous. Butterfly failure theory has been successfully used to reveal the mechanisms of many dynamic disasters such as rock burst [25,26], roof fall [27], earthquake [28,29], fault formation [30], coal and gas outburst [31], and so on. But it should be pointed out that research on the shape of the plastic zone around a hole only involves the use of theoretical research and numerical simulation methods and it has not been perfectly verified at the laboratory and field scales.



While the plastic zone forms, the rock will produce a lot of additional information, such as acoustic emission (AE) [32,33], electromagnetic [34], sound [35], and so on, which are often used as monitor indicators to reflect material failure [36,37,38]. Among this information, capturing AE signals to reflect the location of rock fracture is the most commonly used method in laboratory tests [39]. The indicators used to characterize AE events usually include amplitude (voltage value) [40], particle velocity [41], event duration [42], dominant frequency [43], occurrence location [44], fractal dimension [45], etc., and these indicators have been confirmed to be effective for rock failure monitoring. The location of AE events can better reflect the central occurrence position of the fracture [46], but the accuracy of positioning is usually very dependent on algorithms [47]. The commonly used algorithms mainly include cluster analysis [48], machine learning [49], arrival time difference location [50], the source scanning algorithm (SSA) [51,52], and so on. The arrival time difference location method usually depends on the accurate arrival time point pickup, while the SSA does not depend on the take-off point and finds the optimal solution through the brightness function [53].



The main purpose of this study was to accurately determine the occurrence location of AE events in a rock sample with a central hole. Therefore, large-scale rock samples with a central hole, a high sampling frequency AE instrument, and an appropriate algorithm were applied to calculate the location results. In this study, the shape of the plastic zone around a hole can be fed back by AE events to reflect the characteristics of rock before failure, which can lay a foundation for failure mechanisms and early warning methods for engineering disasters. At the same time, the correctness of butterfly failure theory and butterfly plastic zone shape under specific stress can be verified at the laboratory scale.




2. Method


The purpose of this study was to determine the distribution of AE events of a relatively large sample with a central hole under uniaxial compression, so as to reveal the plastic zone shape of rock near failure (it should be pointed out that the numerical simulation results show that the butterfly plastic zone still appeared before failure under uniaxial compression; therefore, only vertical uniaxial loading was applied in this study for the convenience of the experiment). The experimental devices used mainly included a universal tester, a tester control system, an AE acquisition instrument, sensors, a computer display, the rock sample, and so on, as shown in Figure 1 and Table 1 (model and other parameters). The universal tester can provide a maximum vertical pressure of 5000 kN and cooperate with the control system to achieve accurate displacement loading. The model of the AE acquisition instrument was DS5-16, which can realize synchronous data acquisition of 2~16 channels; the sampling frequency was 6 MHz when 8 channels were used, and the continuous data passing rate was 113 MB/s. The receiving frequency of the sensor was 50~400 kHz and the center receiving frequency was 150 kHz. The computer display and supporting software were used to collect and show the collected data.



The rock sample was a purchased finished product with a size of 200 × 200 × 200 mm (a small hole with a diameter of 20 mm was set in the center to represent a roadway, tunnel, etc.), which was taken from the roof rock stratum of a rock burst coal mine. The material of the rock sample was sandstone. After being taken in blocks from the top plate, it was cut in the laboratory, polished, and finally drilled to form a finished product. Observed through a magnifying glass, the sandstone component of the sample was relatively fine and belonged to fine-grained sandstone. Due to its high compressive strength, the uniaxial compressive strength was around 70 MPa according to the manufacturer’s test results. The manufacturer also evaluated the rock burst tendency of the sandstone, and the results showed weak burst properties.



The AE sensor arrangement of the rock sample is displayed in Figure 2; a total of eight sensors were set to ensure sufficient data acquisition. All eight sensors were installed directly on four sides of the rock sample according to the vertical loading method, and two sensors were set on each side. The two sensors on each side were installed on two opposite corners and staggered with the opposite side in order to improve the rationality of the network. The (x, y, z) coordinates of sensors 1#~8# were (0.18, 0, 0.02) m, (0.02, 0, 0.18) m, (0, 0.02, 0.02) m, (0, 0.18, 0.18) m, (0.2 0.18, 0.02) m, (0.2, 0.02, 0.18) m, (0.02, 0.2, 0.02) m, and (0.18, 0.2, 0.18) m, respectively. Before experimental loading, the sensors and the rock sample were bonded together by high-strength glue to ensure the integrity of the collection.



Through the above relatively large-size sample and high sampling frequency AE signal acquisition system, the high-precision acquisition of AE events could be ensured, and the basis for the accurate positioning of AE events could be provided. The accurate location of AE events could reflect the failure time and location of the rock sample, which could provide real basic data to accurately reflect the shape of the plastic zone under the specific stress state in this study. The research results may provide a new idea for rock failure precursors, geotechnical engineering disaster occurrence mechanisms, and disaster monitoring and early warning methods.




3. Results


Before uniaxial loading and AE signal acquisition, the wave velocity of the sample was first tested, and the average result was 1989 m/s, which was used for subsequent AE event location. After the experiment, the loading stress–strain curve and detailed AE signal data were obtained. The stress–strain curve of the experimental rock sample obtained is shown in Figure 3; the results indicated that the sample showed obvious elastic characteristics, which may be related to the rock burst tendency of the medium. The peak intensity of the sample was 69.691 MPa, which occurred at 1993 s (taking the time of initial loading as 0 s), and the sample showed a sudden failure phenomenon after the peak intensity. The results of the stress–strain curve showed that there was basically no obvious yield strength point for the sample. After the elastic stage, it directly reached the strength limit (peak intensity) and then presented sudden instantaneous failure. It was appropriate to accurately locate the AE event of this kind of rock with a rock burst tendency to reflect the shape of the plastic zone before failure.



Figure 4 shows the respective change diagram of signal energy during the entire loading process, and the loading process could be divided into four stages according to the loading stress curve and energy relationship: the early minor failure stage, the intermediate elastic stability failure stage, the late unstable failure stage, and the final large-scale failure stage. The corresponding time periods of the four stages were 0~1100 s, 1100~1900 s, 1990~1990 s, and 1990~1995 s, respectively, and the corresponding stress ranges were <3 MPa, 3~58 MPa, 58~68 MPa, and 68~69 MPa, respectively. During the first stage, the energy was generally less than 2500 mV*ms, and there were two larger energy bands in the range of 90~100 s and 370~400 s. In the second stage, the energy was even lower than that in the first stage, indicating that the damage in the elastic stage was relatively small, which was the same as the result in a previous study [54]. In the third stage, the energy became abnormally high and unstable, and the energy was the highest in the fourth stage, which led to the large-scale failure of the sample.



The amplitude changes of the eight sensors during the experiment are shown in Figure 5. It can be seen from the figure that there was mainly four AE event regions (I, II, III, and IV), which occurred at 95~100 s, 370~380 s, 1050~1550 s, and 1900~1995 s, respectively. Region I and II usually caused eight channels to generate AE waveforms. Region III was located in the intermediate elastic stability failure stage, which only caused some channels to generate AE waveforms in most cases. The early part of region IV also caused some channels to generate AE waveforms, but the later part of region IV usually caused all eight channels to generate AE waveforms. After checking the basic waveform, the AE event characteristics in regions I, II, and III were obvious, and the take-off points were clear; one case event waveform is shown in Figure 6 (occurring within 99 s). The case event waveform showed that the arrival time of the waveforms were clear, and the amplitude differences of the eight sensors were small, indicating that the distances between the event location and the sensors were similar, and the preliminary conclusion was that the event may have occurred around the central hole.



From the results in Figure 6, the waveform characteristics obtained by the eight channels were consistent with the AE event characteristics, the arrival time was clear, and the amplitude conformed to the conventional law, which showed that more accurate actual positioning points could be obtained by using the ordinary algorithm. However, the basic waveform of the later events (occurring in 1992 s) was very different from that of the early events, and the case event waveforms are shown in Figure 7. The take-off points of the latter case waveforms were not all clear, and the arrival times of eight channels could not be extracted normally, which meant that it was not possible to determine the location of events unable by using the common arrival time difference method. It is also worth noting that the amplitude of the case waveforms in Figure 7 were particularly large, and the waveforms fluctuated and jumped violently, indicating that the fracture size of the sample was large, which resulted in the waveforms overlapping and showing insensitivity.



Some basic waveforms, especially those occurring during the large-scale destruction period in the later stage, could not accurately pick up the take-off point, and the conventional location algorithm that depended on the take-off point was not able to work; therefore the SSA independent of the take-off point (depends on luminance function) was used for the event location in this study. A scatter plot and heat map of the AE event distribution during the four typical periods (90~100 s, 370~380 s, 1060~1070 s, and 1990~1995 s) are denoted in Figure 8; the results show that the number of AE events showed an overall growth trend, which were 187 (lasting for 10 s), 1577 (lasting for 10 s), 4800 (lasting for 10 s), and 4705 (lasting for 5 s), as shown in Table 2. From the positioning results, the initial failure range was small, and the later failure range was large, with it reaching the boundary of the sample. From the perspective of the failure shape, there was no obvious law of failure during 90~100 s, and the results in the heat map shown that there were more event points around the central hole. The failure shape of 370~380 s was similar to an ellipse, while the failure shape of 1160~1170 s was close to a butterfly (X shape), and the failure mode of 1990~1995 s was most close to a butterfly shape.




4. Discussion


Based on the above analysis in the Results chapter, the phased characteristics of energy during the uniaxial loading process of the sample, the waveform characteristics of AE events in different stages, and the distribution of the AE scatter plot and heat map in the typical stages were determined. The results show that during the later stage of high-energy AE events, the waveform display cannot accurately pick up the take-off point. The event distribution heat map obtained using the SSA is generally butterfly shaped in the later stage, which is consistent with previous theoretical research and numerical simulation results. This study focuses on the shape of the plastic zone around a hole when the sample fails in a wide range; therefore, the distribution characteristics of AE events in the period from 1990~1995 s should be deeply discussed.



The positioning results of AE events are three-dimensional coordinates; Figure 8 shows the XZ direction positioning in different periods, as it is necessary to analyze the number of positioning events in different Y ranges, and the results are shown in Figure 9. It can be seen from the results that the highest number of events occurred in the Y range of 0.03~0.04 m, which is 1016, followed by 438 in the Y range of 0.18~0.19 m. The number of AE events on the two sides of the sample is greater, while the event number in the middle is relatively less. The vertical loading force of the sample is the same on the horizontal plane of the sample, but from the positioning results in the Y direction, the numbers of AE events in each range are relatively different, which may be related to the boundary conditions and the distribution or expansion of cracks in the sample.



In view of the high number (1016 total) of events within the range of 0.03 m < Y < 0.04 m, a scatter plot and heat map are also presented in Figure 10. From the distribution of the scatter diagram, there are also some butterfly-shaped signs. Visually, the lower number of points displayed in the scatter plot is due to the coincidence of some events, and the heat map can better reflect the number of events in different areas, which also reflects that the events mainly occurred at four oblique angles (agglomeration in the butterfly leaf region). The number of events occurring in the range of 0.03 m < Y < 0.04 m accounts for 1016/4705 = 21.6% of the total events, which indicates that the events do not occur uniformly in the sample but may also produce local agglomeration in a longitudinal region.



Previous theoretical research results [55] showed that the angle between the butterfly leaf and the coordinate axis was about 45 ± 5 degree. Therefore, in order to compare our results with this study, the events (occurring during 1990~1995 s) of the four quadrants in this experimental study were fitted as a straight line to see the specific angles, as shown in Figure 11. The number of events in the four quadrants is 2224, 1016, 1007, and 458, respectively, and the fitting angles are 46, 38, 40, and 41, respectively. Although there are some differences between the experimental results and the theoretical results, the gap is not large, and the shape of the butterfly plastic zone can also be verified from the butterfly leaf angles. In addition, it is worth noting that the number of events in the four quadrants varies greatly, which is a little different from the results of theoretical calculations and numerical simulations, and this fact may be mainly related to the heterogeneity of the sample and the application mode of external pressure.



In order to more vividly and stereoscopically display the distribution characteristics of events during 1990~1995 s, a three-dimensional scatter plot and heat map are shown in Figure 12. The three-dimensional scatter plot in Figure 12a shows some butterfly morphological characteristics; relatively few events occur in the left lower butterfly leaf of the sample, and the numbers in the remaining three butterfly leaves are relatively high. It can be more clearly seen from the heat map in Figure 12b that the shape of the plastic zone formed in the sample is displayed as a three-dimensional butterfly. The results show that the number of events near the central hole of the sample is lower than that near the butterfly leaf. Figure 12b also figuratively indicates that the plastic zone basically shows a butterfly shape in different Y ranges, and the only difference may lay in the number of events distributed on each butterfly leaf. Among the four butterfly leaves, the greatest number of events occurred near the butterfly leaf in the upper left corner, which indicates that the heterogeneity of the actual butterfly leaf is a little different from theoretical research and numerical simulations, and this reason may also relate to the actual uneven properties of the sample.



In this study, the butterfly plastic zone shape of a rock sample with a central hole near failure under uniaxial loading was verified using experiments, which is of great significance to the study of rock failure. This research adopted relatively large samples, a relatively high sampling frequency, an appropriate algorithm, and the statistical results of big data. However, it has to be said that only the SSA was used for the event location due to the large amount of data, and there must be some errors in the location results. The errors were mainly from the rationality of the network, the value of wave velocity, the accuracy of the algorithm, etc. Moreover, more localization algorithms should be applied to improve the accuracy of localization and this could also be mutually verified. Compared with a previous study [56], the number of events used to locate the butterfly plastic zone was significantly increased to 4705, and the results of big data could inevitably reduce the degree of error. In future experimental research, transverse loading should apply to further verify the correctness of the butterfly plastic zone. The fact that the plastic zone in the early stage of rock failure in this study tended to be butterfly shaped preliminarily indicates the fractal law of rock failure. In the moment before rock failure, the distribution of AE events is more regular, which leads to large-scale collapse type failure.




5. Conclusions


In this study, a vibration signal acquisition system was used to collect AE events of a large sample under uniaxial compression. The results show that the take-off points were unclear near rock failure, and the location algorithm that depends on the take-off point was not able to work. Therefore, an SSA which depends on the luminance function was used to locate AE events. The shape of the plastic zone around the hole near the failure time was obtained in this experimental study; the morphological characteristics of the butterfly plastic zone were basically the same as the previous theoretical calculation and numerical simulation results, which verifies the correctness of butterfly failure theory at the laboratory scale. In addition, from the results shown in the discussion, the number difference of events in different quadrants indicates that the distribution of events in the four butterfly leaves is much higher than that in other locations, which is also consistent with previous findings. The experimental results reveal the shape of the plastic zone before rock failure, and more importantly, they provide a new idea for the mechanism and early warning method of rock failure, that is, taking the shape of the butterfly plastic zone as the mechanism of rock failure and applying it as a monitoring index of geotechnical disasters. Although it is difficult to monitor the shape of the plastic zone at the present stage, it is believed that monitoring and early warning based on butterfly failure theory could be feasible with the development of monitoring technology.
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Figure 1. General layout of the experimental device. 
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Figure 2. AE sensor arrangement of the rock sample. 
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Figure 3. Stress–strain curve of the experimental rock sample. 
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Figure 4. Energy stage during the entire experimental process. 
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Figure 5. AE event regions during the experimental process. 
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Figure 6. Case event waveforms occurring within 99 s. 
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Figure 7. Case event waveforms occurring in 1992 s. 
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Figure 8. Scatter plot and heat map of AE event distribution during the typical periods. 
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Figure 9. Histogram of AE event numbers occurring in different Y ranges. 
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Figure 10. Scatter plot and heat map of AE events with 0.03 m < Y < 0.04 m during 1990~1995 s (1016 total). 
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Figure 11. The fitted angles of the events (occurring during 1990~1995 s) in the four quadrants. 
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Figure 12. Three-dimensional scatter plot and heat map of events during 1990~1995 s. 
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Table 1. Parameters of the main experimental device.
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	Device
	Model
	Other Main Parameters





	Universal tester
	YAW-5000
	Vertical pressure: 5000 kN;

Piston stroke: 0–1500 mm;

Constant velocity stress control range: 1–10 N/m



	AE acquisition instrument
	DS5-16
	Data acquisition: 2~16 channels

Sampling frequency: 6 MHz when 8 channels were used



	AE sensors
	VS150
	Receiving frequency: 50~400 kHz;

Center receiving frequency: 150 kHz










 





Table 2. Number of AE event during the typical periods.
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	Time Period
	Duration
	Number of AE Events





	90~100 s
	10
	187



	370~380 s
	10
	1577



	1060~1070 s
	10
	4800



	1990~1995 s
	5
	4705
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