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Abstract

:

During rock failure and instability, cracks usually appear as microcracks in local areas and then expand into significant macroscopic cracks. In this study, the whole process of rock deformation and instability under uniaxial loading is investigated with standard rock specimens, and acoustic emission (AE) and digital image correlation (DIC) technology are introduced to explore the process of rock failure and instability. AE technology is used to identify the location of crack propagation caused by microcracks and large cracks, and DIC is used to measure the crack propagation at different locations. Results show that the evolution of accumulated energy is closely related to the change in stress. When the specimen approaches failure, a “y” shaped localization zone is formed, and the evolution path is consistent with the through-through path of the crack, which better reflects the propagation law of the crack in the rock. The spatial distribution of the AE location event and energy density is consistent with the evolution path of the localization zone. The deformation value of the deformation field is closely related to the initiation and evolution of the deformation localization zone. On the basis of density-based spatial clustering of applications with a noise-clustering algorithm, AE positioning events are further processed and projected into the digital image of the deformation field, and the results of clustering projection are in good agreement with the deformation localization zone. Results show that AE and DIC coupling localization techniques can effectively identify the fracture process zone and fracture mechanism of rock, providing a new technical means for further studying the mechanical properties of rock materials.
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1. Introduction


Mining activities under a high-stress environment are prone to the deformation and instability of the surrounding rock and induce engineering disasters, such as rock bursts, because of the influence of geological structures and excavation disturbances. In recent years, frequent dynamic mine disasters have posed a great threat to the safety of coal mine production and the safety of the majority of coalmine workers. Mastering the failure mechanism of rock is of great importance to realize the safe production of mines and reduce the accident rate.



Mining activities under high stresses are affected by geological structures and excavation disturbances and easily cause the deformation instability of surrounding rock, thereby inducing rock-burst disasters. The transient electromagnetic method is a good choice for geological structure detection. The identification of geological anomalies can be preliminarily realized by using microseismic technology [1,2]. When a rock is damaged and destroyed under external forces, the evolution of its internal microcracks is consistent with the failure process. In the destruction process, the energy gathered inside is mainly released in the form of elastic waves, which is called “acoustic emission phenomenon” [3]. Many researchers have studied the rock instability deformation process through theoretical analysis, laboratory test, field monitoring, and numerical simulation combined with acoustic emission characteristics. As the base approach, theoretical analysis serves as a guide to explore rock instability deformation. Zou et al. derived the relationship between the acoustic emission characteristic parameters of rock and rock damage in accordance with relevant theories [4,5,6]. They quantitatively characterized the damage degree and failure evolution process of rock on the basis of acoustic emission characteristic parameters. On the basis of mathematical modellings, the deformation and failure characteristics of rocks can be directly reflected through laboratory test and field monitoring. Zhang et al. used integrated acoustic (AC) and acoustic emission (ACE) devices to synchronously test the rock damage evolution process under uniaxial compression in terms of crack volume strain, ACE, and AC characteristics [7]. Zuo et al. found the differences in failure mechanisms between the rock, coal, and coal–rock combination under uniaxial compression by means of ACE tests [8]. Li Shulin et al. conducted an ACE test on rock in the whole process of uniaxial compression and found the mechanical characteristics and ACE characteristics in the process of rock failure [9]. The ACE and the failure characteristics of rocks are reported through on-site monitoring [10,11,12]. Combined with theoretical analysis and laboratory and field test data, the dynamic process of coal and rock failure can be visualized via numerical simulation. Zhou et al. combined the experimental results of ACE characteristics in the whole process of rock failure on laboratory scale [13,14,15]. They confirmed that the numerical simulation is valid and accurate for revealing the failure mechanism of coal and rock.



The ACE method can accurately determine the fracture location, but it has disadvantages in characterizing the deformation field after failure. Therefore, it is necessary to discuss and verify the deformation field by other means. In laboratory tests, the DIC method is often used to quantitatively describe the deformation field. DIC technology can only detect the surface deformation of the specimen and cannot obtain the internal changes of the specimen. Therefore, the combination of ACE and DIC detection can realize the ‘internal–external’ simultaneous detection of the specimen loading-failure process and better characterize the failure law of the specimen. The digital image correlation (DIC) method is a deformation field test method based on digital image processing. It is considered as a method with advantages of being full field, non-contact, high precision, sensitive measurement, large range, and easy to implement [16]. The DIC method is becoming more and more common and has been widely used to investigate coal properties [17], concrete [18], aluminum alloy [19], stainless steel [20], and deformation testing of rock-like materials. Munoz et al. studied the evolution characteristics and energy of the deformation field during rock failure and instability under various loading states such as uniaxial, cyclic loading, and compression–tension cycles release rules [21,22]. Ma et al. used the three-dimensional DIC method to study the whole process of granite slab failure with central circular holes under uniaxial compression [23,24]. Zhao et al. conducted an experimental study on the effect of three-dimensional roughness of rock fractures on seepage characteristics by means of the DIC method [25]. In addition, the evolution characteristics of rock deformation and damage from the mesoscopic level also could be found by the DIC method, as reported by [26].



A large number of studies have revealed the failure characteristics of rocks from the single aspects of rock mechanics analysis, ACE characteristics, and deformation field evolution characteristics. However, a direct relationship is observed between the internal damage and evolution of surface deformation field in the unstable failure process of rock. Few studies are reported on the failure mechanism of rock specimens combined with ACE localization and evolution characteristics of a digital image correction (DIC) surface deformation field. In this study, standard rock specimens are used for a uniaxial compression test, and a charge-coupled device (CCD) camera and an ACE system are applied to collect the deformation image of the specimen surface and the ACE signal inside the specimen. The ACE response characteristics and evolution characteristics of the deformation field during rock failure and instability are investigated by combining the DIC method and ACE signal.




2. Analysis of Rock Failure Instability Mechanism Based on Multifield Monitoring


Rock failure is triggered by localized deformation [27]. The study of a rock failure process from the perspective of deformation localization has become a hot issue in rock mechanics research [28]. At present, ACE and DIC are the two most effective methods for rock failure process characterizations.



The purpose of DIC is to obtain parameters, such as displacement and deformation, by calculating the grayscale of a speckle image before and after specimen surface deformation. The feature functions of the pre-warped base image and the post-warped target image are given as I1 = F1(x, y) and I2 = F2(x, y) to evaluate the deformation features between the reference region and the deformed region, respectively. Assuming that the position of point P on the reference image is tracked, the matching point must be obtained on the target image. A square reference subarea is selected in the reference image before deformation, and a point-by-point search for the corresponding displacement value on the target image after deformation is performed. A correlation matching method is used to search for the most-matching digital image subregion on the deformed target image. The displacement of point P is obtained when the matching is successful [23]. The full strain field of monitoring area is obtained by using this method. The principle of DIC is shown in Figure 1.



The ACE technology with a dynamic nondestructive testing can determine the ACE source location and analyze the ACE source properties. The ACE can also determine the time and energy when the ACE source occurs. The ACE test can only obtain the microscopic evolution characteristics of the cracks and internal fracture area of specimens. However, it cannot accurately reflect the failure and instability process of rocks unless it is performed by using nondestructive testing methods for re-examination. The DIC can realize high-precision measurement on field surface displacement, intuitively reflecting the crack initiation position and spatial evolution characteristics of macroscopic cracks. However, the DIC is limited to the specimen surface and cannot really represent the number of cracks inside the specimen, and the unreachable areas are still unknown. DIC is an effective method used to measure the surface macroscopic fracture length and crack opening. ACE monitors the width and length of the internal microscopic fracture region. The crack evolution trends described by the two techniques (ACE and DIC) are similar. The DIC can measure the crack length attributes on the specimen surface and is accurate and easy to operate. The ACE is used to determine the spatial evolution characteristics of cracks and the location of crack initiation.



In this study, the development process of rock instability failure fractures is investigated by using ACE and DIC simultaneously. These techniques allow continuous and real-time data acquisition and can provide the initiation position and spatial evolution characteristics of microcracks inside the specimen. The microscopic characteristics of rocks and the macroscopic cracks of specimen surface deformation are observed through qualitative analysis. The advantages and disadvantages of the two technologies complement each other. The failure and instability process of rock is comprehensively explored from the interior to the surface and from the macro to the microscale.




3. Test Equipment and Experimental Scheme


3.1. Equipment and Experiment Design


The test device and monitoring system are shown in Figure 2 and include three parts: a test loading system, acoustic emission system, and digital image acquisition system. An RLJW-2000 testing machine was used as the test loading system, the control method was displacement expansion, and the displacement control loading rate was 0.05 mm/min. A CCD camera and a holographic acoustic emission meter were used to build a data acquisition system for collecting speckle images and acoustic emission signals on the surface of the specimen during the whole process of loading the test. The CCD camera rate is 3.5 frames/second, the image resolution is 1600 pixels × 1200 pixels, and the object surface resolution is 0.1316 mm/pixel. The acoustic emission instrument is a DS5-8B full-information acoustic emission acquisition instrument, with a sampling frequency of 3 MHz, and it adopts a threshold trigger (100 mV) as its trigger method. The sensor was fixed to the surface of the specimen, and Vaseline was used as a couplant to increase the coupling effect between the sensor and the contact surface of the metal shell. Two sensors were arranged on each of the other three sides, except the speckle surface.



The DS5-8B full-information acoustic emission acquisition instrument has eight channels, with a 3 MHz sampling frequency and a threshold trigger (100 mV) as the trigger mode. The sensor is RS-5A, with a center frequency of 150 kHz and a frequency range of 60–400 KHz. The metal shell was fixed to the surface of the specimen by a solid adhesive, and the coupling effect of the contact surface between the sensor and the metal shell was increased by the coupling agent. The sensor was fixed at the distance of 15 mm between the two ends of the specimen, and a sensor was arranged at 90° intervals in the counterclockwise direction.



The ACE test of the uniaxial loading process was conducted on five groups of specimens by using the above experimental method. Only the representative specimens R-1–4 were analyzed because of the limited space.




3.2. Test Process and Results


The loading system recorded the mechanical parameters, such as stress, strain, and time. The acoustic emission acquisition system recorded the acoustic emission characteristic parameters, such as microseismic spatial positioning events, impact numbers, ringing counts, energy, and waveform. The digital image acquisition system recorded the evolution of the surface deformation field of the specimen image. Figure 3 shows the total stress–strain curve of the specimen during the loading failure process. Six typical moments were selected through analysis. The marked points of A–F corresponded to the moments in the global rock evolution analysis below. The pore compaction stage was from the beginning of loading to the OA stage. The elastic stage, linear elastic deformation acceleration stage, plastic stage failure stage, post-peak deformation failure stage, and residual strength stage were assigned to the A–B, B–C, C–D, D–E, and E–F stages, respectively. Figure 4 compares the diagram of the specimen before and after failure.





4. Analysis of Test Results


4.1. Analysis of Acoustic Emission Characteristics


In the early stage of loading, the acoustic emission response was weakened because of the effects of natural defects in the rock. The acoustic emission ringing count and acoustic emission energy indexes were small. The acoustic emission signal in the later stage of loading (plastic deformation and failure stage) was selected for analysis to determine the evolution of the acoustic emission characteristics in detail. The results of the full stress–strain curve under load and the acoustic emission response characteristics of the specimen were obtained. Six typical moments were selected as identification points to study the curves and response characteristics. The acoustic emission characteristic signal was processed and analyzed on MATLAB. The corresponding relationship between acoustic emission ringing count, acoustic emission energy, and time were obtained, as shown in Figure 5 and Figure 6.



As shown in Figure 5 and Figure 6, the changes in stress, acoustic emission ringing count, and acoustic emission energy were similar. The stress increased linearly versus time before point 1. The acoustic emission ringing count and acoustic emission energy fluctuated slightly. At point 1, the stress dropped slightly, whereas the acoustic emission ringing count increased sharply. The stress continued to linearly increase after point 1 until the time to point 2. The acoustic emission ringing count and acoustic emission energy remained constant in this stage. The stress dropped gently at point 2. The acoustic emission ringing count and acoustic emission energy also surged. The stress first increased gently after entering the “quiet period” before the peak and then abruptly increased until the peak value. At the time of the sudden increase, the acoustic emission ringing count and acoustic emission energy also surged. The acoustic emission energy surged again. At point 4, the stress dropped again, and the acoustic emission ringing count and ACE energy surged again. After point 4, the acoustic emission energy entered the residual strength stage, and the stress dropped suddenly at points 5 and 6. The ACE ring count and ACE energy surged. Late at point 3, stress began to decline and the specimen began to be destroyed, but it did not completely lose bearing capacity; with the evolution of the stress, the specimen underwent deformation damage until it gradually completely lost bearing capacity in the process, but it was still accompanied by a large number of acoustic emission signals, so the stress time decreased significantly earlier than the acoustic emission signal.



Figure 7 shows the evolution characteristics of stress in the whole process of loading, the accumulative ringing count of the acoustic emission, and the accumulative energy of the acoustic emission with time. In the early stage of point B, the stress increased gently under the influence of natural defects in the rock. The acoustic emission response was weak, and the accumulated ringing count of the acoustic emission and the accumulated energy of the acoustic emission had no obvious changes. With the continuous increase in stress, it entered an elastic deformation stage in which the acoustic emission cumulative ringing count and cumulative energy increased linearly. Point C shown in Figure 7 corresponded to the points in Figure 5 and Figure 6. From identification points 1 and 6, the stress change characteristics were the same as those described above. The stress at the six identification points dropped to varying degrees, and the accumulated ringing count and accumulated energy of the acoustic emission at these times greatly increased. When the stress between points 2 and 3 had a sudden increase, the accumulative ringing count and accumulative energy of the acoustic emission increased significantly. The accumulative ringing count and accumulative energy of acoustic emission increased linearly in other time periods.



In accordance with the above analysis, the intensity of the rock acoustic emission response is closely related to the variation characteristics of stress. When the stress has a sudden change (sudden drop or surge), the acoustic emission response is violent and the acoustic emission ringing count and acoustic emission energy increase significantly. When the stress changes steadily, the acoustic emission response is weak, and the acoustic emission ringing count and acoustic emission energy decrease slightly. Some acoustic emission response characteristics may be different from the failure evolution characteristics of the specimen because of the limitations of the acoustic emission monitoring technology. Therefore, the failure and instability characteristics of the specimen must be further investigated by speckle test and the DIC method.




4.2. Analysis of the Evolution Characteristics of a Deformation Field


The characteristics of strain-field evolution, local deformation, and crack propagation during the loading process of the specimen were collected and calculated on the basis of digital speckle technology and image processing-related methods. A local deformation field was formed when the rock was loaded and deformed. The main characteristics of the local deformation field were as follows: (1) the deformation value in the deformation localized zone is larger than the deformation value outside the deformation localized zone; and (2) the points with larger deformation value are concentrated within one or more bands. The statistical index Sw was introduced to analyze the evolution process of the local deformation field and to reflect the “numerical” and “spatial” characteristics at the same time. The statistical index is expressed as:


   S w  =  w s  S  



(1)




where    w s    is the weight of the localized “space” feature of deformation at a certain time; and S is the variance of deformation field at a certain time. S can be expressed as:


  S = S (  X k  ) =    1  n − 1     ∑  k = 1  n     (  X k  −  X ¯  )  2       



(2)






   w s  = S (  X k *  ) =    1  n − 1     ∑  k = 1  n     (  X k *  −    X *   ¯  )  2       



(3)






   X ¯  =  1 n    ∑  k = 1  n    X k     



(4)






   X *  = X ⊗ B  



(5)




where    X k    is the deformation amount of each point in the deformation field;    X ¯    is mean value of    X k   ; and    X ∗    is the spatialized deformation field (deformation field data matrix), and a matrix B is used, where its elements are all 1, and its size is m × m (convolution kernel) convolution.



The value of the statistical index is calculated by using the above formula. The normalized curve of stress and its change with time were obtained, as shown in Figure 8.



The evolution curve of the statistical index Sw in Figure 8 can be divided into three stages. The first stage corresponds to the loading time of 0–0.5 × 105 ms. The statistical index Sw increases linearly and smoothly, and the magnitude is small. This condition is caused by the local adjustment of the irregularity of the structure and corresponds to the pore compaction stage of the stress curve. The second stage corresponds to the loading time of 0.5 × 105 to 1.65 × 105 ms, the statistical index Sw increases exponentially, and the magnitude increases significantly. In this stage, the microcracks inside the specimen gradually develop and penetrate, and the specimen has no obvious failure characteristics, corresponding to the linear elastic deformation stage of the stress curve. The third stage corresponds to the loading time of 1.65 × 105 ms to the end of the loading, and the statistical index Sw fluctuates greatly. In this stage, the microcrack evolves into a macrocrack and penetrates rapidly, resulting in rock failure and instability corresponding to the plastic deformation failure stage and residual strength stage of the stress curve. The localized zone gradually evolves with the increase in stress.



Figure 8 shows the deformation localization zone and crack shape at the time of the identification point F, where (b) is the local tensile and shear strain field; T is the extension of tensile crack inside the rock; S is the extension of the shear crack inside the rock; (c) is the overall feature map of the crack in rock matrix; and (a), (d), and (e) are the enlarged views of local crack. The tensile and shear strain fields in (b) agree with the crack morphology and spatial location in (c). During the loading process of the specimen, the internal microcracks cannot be observed with the naked eye but can be identified by the strain localization characteristics based on the DIC method, as shown in (b). As shown in (c), the tensile strain field is localized. The propagation path of the tensile crack is approximately perpendicular to the loading direction. The high shear localized zone is mainly concentrated at the junction with the tensile strain field and shear crack. The expansion direction is approximately the same as the loading direction. The tensile crack penetrates along the loading direction by comparing the analyses of (a) and (b). The color change in the localized band of the tensile deformation field is closely related to the size of the crack. In (d), the size of the crack gradually decreases from the upper part to the lower part. The color of the localized zone of the “tensile-shear” strain field in (b) changes from dark to light from top to bottom because of the joint action of the two failure modes of tension and shear. In (a), the size of the crack increases gradually from the top to the bottom. Corresponding to the localized band of tensile strain field in (b), the color changes from light to dark from top to bottom. The shear crack propagates in a direction approximately parallel to the loading direction by comparing the analyses of (e) and (b).





5. Correspondence between Acoustic Emission Characteristics and Deformation Evolution Characteristics


In the process of rock failure, a direct relationship is observed between its internal damage and the evolution of the surface deformation field. The corresponding relationship between the acoustic emission response characteristics and the evolution characteristics of the deformation field is established. The rock instability and failure characteristics are comprehensively studied from the microscopic to the macroscopic level.



5.1. Analysis of Statistical Characteristics


We used MATLAB to normalize the nonuniform deformation index Sw. The acoustic emission cumulative ringing count, emission cumulative energy, cumulative ringing count, acoustic emission cumulative energy, nonuniform deformation index Sw, and the change in stress with time curve are plotted in Figure 9.



As shown in Figure 10, the Sw curve increases linearly and smoothly with the change in stress at the initial stage of loading (pore compaction stage). The corresponding acoustic emission response characteristics are unremarkable. The accumulated ringing counts and accumulated energy are small, with the linear increase in amplitude. This condition is due to the influence of the compaction of the natural defects inside the rock. Fewer new cracks are observed at this stage in which the specimen has no nonuniform deformation, leading to the slight change in the nonuniform statistical index Sw and the acoustic emission response characteristics. With the increase in stress, the specimen is loaded in the linear elastic deformation stage. The Sw curve increases exponentially with the change in stress, and the corresponding acoustic emission response characteristics are insignificant with a gentle linear increase. At this stage, new microcracks appeared inside the specimen. The microcracks gradually evolved, resulting in a slight change in the acoustic emission response characteristics. However, the rock still had no obvious damage characteristics. Therefore, the nonuniform statistical index Sw and the acoustic emission response characteristics were based on the previous stage. Although an increase occurs, its change is still small. With the continuous increase in stress, the Sw curve, cumulative ringing count curve, and cumulative energy curve at the time of 1.65 × 105 ms showed a turning point for the first time. This condition corresponds to the initiation of a deformation localization zone. After 1.65 × 105 ms, the specimen is loaded in the plastic deformation and failure stage. At this stage, the microcracks gradually evolve into macrocracks and penetrate rapidly. The rock has obvious deformation and failure characteristics, but does not completely lose its bearing capacity, and the corresponding acoustic emission response characteristics are severe. Therefore, the nonuniform statistical index Sw, the accumulative ringing count, and the accumulative energy increase greatly. In the later stage of the stress peak, the specimen enters the residual strength stage. With the gradual decrease in stress, the rock continues to deform and fail, but the failure intensity is significantly reduced, and the corresponding acoustic emission response characteristics are still changing. Therefore, the curve of nonuniform statistical index Sw at this stage is determined. The curve significantly drops, and the cumulative ringing count of acoustic emission and the cumulative energy of acoustic emission continue to increase. When the loading is over, the stress is completely unloaded, and the acquisition of digital images and acoustic emission signals is stopped. The rock is completely destabilized and destroyed, and the deformation degree and acoustic emission response characteristics reach the maximum value. The cumulative energy amount emitted reaches its peak value.



On the basis of the DIC method and the acoustic emission event localization method, the six moments A–E in the total stress–strain curve in Figure 9 are compared and analyzed. The corresponding relationship between the spatial distribution characteristics of acoustic emission localization events and the evolution of the principal strain field is discussed, as shown in Figure 10. A comprehensive analysis of rock instability and failure can be achieved by combining their unique characteristics.




5.2. Analysis of Global Evolution Characteristics


Figure 10 shows the evolution characteristics of the principal strain field and the spatial distribution of acoustic emission localization events corresponding to typical moments in the whole loading process. Figure a shows the evolution characteristics of the principal strain field in the whole process. Figure b shows the evolution characteristics of the spatial distribution of acoustic emission localization events. The speckle surface identified in the first acoustic emission localization event distribution map in Figure b corresponds to the digital image acquisition plane. The six time-points A to E correspond to the points in Figure 9. Time-point A corresponds to the pore compaction stage. Its principal strain field and the spatial positioning point of the acoustic emission event are shown in the figure, where the color of the positioning point reflects the energy of the acoustic emission event. The color changes of red, yellow, blue, cyan, and green indicate that the AE event energy changes from large to small.



As shown in the figure, the pore compaction stage is affected by natural defects inside the rock, and the principal strain field changes slightly. The acoustic emission response is extremely weak, and no obvious acoustic emission localization events are detected. With the increase in stress, the loading process enters the elastic state. In the deformation stage, time B is assigned to the starting point of the linear elastic deformation. At this time, the internal defects are compacted, and the microcracks begin to breed at the local position. The principal strain diagram shows a visible localized band at the bottom of the specimen and the corresponding sound at this time. The spatial positioning points of the emission event increased significantly. From the color of the positioning points, the color at the bottom of the specimen is red, indicating that the acoustic emission energy is large. The positioning events with small energy values are scattered in other parts. The stress continues to increase, and the elastic stage ends. At point C, an obvious deformation localization zone appears in the middle of the specimen, indicating that the microcracks inside the specimen are gradually evolving and penetrating to the middle position. In this case, the number of acoustic emission localization events surges, and the spatial distribution characteristics are consistent with the penetration path of the microcracks. The stress continues to increase and enters the plastic deformation stage. At this stage, the microcracks gradually evolve into macrocracks. The macrocracks gradually penetrate in all directions of the specimen, forcing the specimen to exhibit tensile, shearing, and other failure trends. At time D, the stress reaches its peak value, the macroscopic crack penetrates rapidly in all directions, and the principal strain field has obvious localized bands in the longitudinal and transverse directions and has a tendency to continuously increase. The spatial positioning points of the acoustic emission events continue to surge, mainly concentrated in the crack penetration path. The approximate distribution contour is consistent with the local concentration area of the main strain field. The stress gradually falls back and enters the post-peak deformation failure stage after point D, where macroscopic cracks continue to penetrate. The specimen is seriously unstable and damaged but does not completely lose its bearing capacity.



In addition to point D, the principal strain field at the time of point E continues to evolve on the original basis. The localized zone continues to expand along the same direction. The number of corresponding acoustic emission event spatial positioning points continues to increase, and the spatial distribution continues to accumulate along the same path. The principal strain field in the lower part has obvious change characteristics. The corresponding acoustic emission localization events significantly increase in the lower part. The signal enters the residual strength stage after point E, indicating that the macrocracks have completely penetrated. The failure pattern of the specimen is formed. At time F, the specimen is seriously damaged, showing that the main strain field forms a Y-shaped localized band that runs through the entire specimen and expands along the crack path. The strain reaches the maximum value at this moment, and the spatial distribution is also Y-shaped. The stress gradually decreases until it is completely unloaded, and the specimen is completely unstable and damaged after point F. At this stage, the speckle field and the acoustic emission sensor fall off because of the fragmentation of the specimen, making it impossible to calculate the complete principal strain field because of the inability to realize the 3D positioning of the acoustic emission event. In accordance with the above analysis, the evolution characteristics of the principal strain field and the spatial distribution of the acoustic emission event are consistent with the crack propagation and penetration process during the loading and failure process of the specimen. The localized zone and 3D positioning point of acoustic emission event are based on the evolution of the crack propagation path. In the obvious crack part, the principal strain localized zone is in the darker color, indicating that the strain is more concentrated. The number of acoustic emission events and the energy are larger. Figure 10 better reflects the evolution characteristics of the principal strain field and the spatial distribution of acoustic emission events in each stage of the entire loading process. The deformation localization zone and the spatial distribution of the acoustic emission events increase with the increase in stress after the formation of macroscopic cracks. How they transfer and expand with the damage degree and location of the specimen remain to be explored.





6. Dynamic Evolution and Quantitative Description of Specimen Damage


A clustering algorithm was introduced to more accurately describe the damage evolution process of the specimen. The acoustic emission localization results were processed twice to highlight the core area of the damage evolution and to weaken the influence of events with minimal influence on the analysis results.



6.1. Clustering Analysis Algorithm


Density-based spatial clustering of applications with noise (DBSCAN) is a representative density-based clustering algorithm. Different from partitioning and hierarchical clustering methods, the DBSCAN clustering algorithm defines the maximum set of density-connected points as clusters. It can divide regions with sufficiently high density into clusters and can find clusters of arbitrary shapes in noisy spatial databases. As shown in Figure 11, if the data points are divided into three categories, then the core point contains more than the MinPts number of points within the radius Eps. The border point is the number of points within the radius Eps Points that are smaller than MinPts but fall within the neighborhood of the core point. The noise points are neither core points nor boundary points. The concepts of density, reachability, and density connection are proposed to express the density of these points, as shown in Figure 11a.



The DBSCAN algorithm is used to realize the clustering analysis of acoustic emission events, and the spatiotemporal evolution law and characteristics of acoustic emission events in the process of loading failure are obtained. The occurrence, extension, and penetration of cracks in the specimen are characterized. The key parameters of the algorithm are the number of clustering objects n, the sample number of core objects MinPts, and the neighborhood radius E, where n = 6, MinPts > 5, and E = 3.



The steps of the DBSCAN algorithm can be briefly described as the following steps.



Step 1: choose an initial point. Pick a point arbitrarily, and then find all points where their distance to this point is less than or equal to Eps. If the number of data points within Eps from the starting point is less than min_samples, then the point is marked as noise. If the number of data points within Eps is greater than min_samples, then the point is marked as a core sample and is assigned a new cluster label.



Step 2: visit all neighbors of the point (within distance Eps). If they have not already been assigned a cluster, then assign them a new cluster label created for them. If they are core samples, then visit their neighbors. The cluster grows gradually until no more core samples are found within the Eps distance of the cluster.



Step 3: repeat the above process until the requirements are met. Pick another point that has not been visited and repeat the same process until all points are in the class (core points or edge points) or are peripheral points.




6.2. Analysis of Global Evolution Characteristics


In accordance with the above analysis, the evolution path of the localized zone of the tensile deformation field is parallel to the loading direction, the evolution path of the localized zone of the shear strain field is mostly perpendicular to the loading direction, and the spatial distribution of acoustic emission energy density is consistent with the evolution path of the localized zone. When the localized band is activated, the area of deformation concentration shifts, and the value of the deformation vector gradually decreases. When the new localized zone appears, the original localized zone continues to evolve and gradually forms, the value of the variable vector gradually decreases, and the deformation value of the new localized zone gradually increases. The deformation value of the remaining deformation regions is approximately zero after the deformation localization zone is formed. When the specimen is damaged along a localized zone, the deformation value of the remaining localized zones decreases rapidly. After the specimen is damaged, the deformation value of the remaining localized failure zones increases again until the specimen is completely unstable. The acoustic emission energy density is displayed in 3D form, and its variation law is closely related to the rock’s failure evolution process. However, its spatial distribution law cannot be completely consistent with the evolution characteristics of the plane localized zone, and certain differences are observed. Therefore, the acoustic emission data must be further processed from a 2D perspective to study the coupling relationship between its distribution characteristics and the evolution of the deformation localization zone, as shown in Figure 12.



The acoustic emission data are clustered and processed by using the DBSCAN clustering algorithm. Only the acoustic emission localization within the path range of the deformation localization zone is analyzed to more intuitively reflect the coupling relationship between the spatial distribution characteristics of the acoustic emission localization events and the deformation localization zone. The event is projected in the 2D plane and superimposed with the deformation field image, and the final display effect is shown in Figure 12. The figure shows that the shape and size of the cluster symbols represent the energy size of the microseismic event, and the larger the shape, the larger the energy, and vice versa.



The clustering results show that the distribution law of such events is consistent with the evolution path of the localized zone. The distribution law plays a decisive role in the failure and instability of rock. At the time of point 1, the localized zone 1 is activated. The deformation value of the deformation field is then increased. The clustering results of the acoustic emission events are mainly concentrated on two sides of the specimen, but the middle part is scattered. The acoustic emission event gradually expands to the middle part. When the localized zone 2 starts, the acoustic emission event on the left side of the specimen increases significantly and distributes along the path of the localized zone 2. When the evolution of zone 2 is completed, the acoustic emission events continue to increase and induce the activation of localized zone 3, in which the acoustic emission localization events on the right side of the specimen increase. The deformation value of localized zone 2 gradually decreases. The acoustic emission localization events continue to increase in this stage and scattered along the path of localized zone 3 near localized zone 3. At the time of point 6, the localized specimen is damaged along localized zone 3. The deformation values of localized zones 1 and 2 are approximately zero. Such results are the same as those described above. The acoustic emission sensor falls off, and the effective acoustic emission signal cannot be collected because of the damage to the specimen. Therefore, locating the acoustic emission event is impossible.





7. Conclusions


In this study, the dynamic failure test of standard rock specimens under uniaxial loading is performed. The data of rock deformation images and acoustic emission signals are collected by using a CCD camera and a DS5-8B full-information acoustic emission instrument. Combined with the acoustic emission signal analysis method and the DIC method, the failure and instability process of rock is studied in depth, and the coupling relationship between the deformation field evolution and the acoustic emission response characteristics is discussed. The preliminary conclusions are summarized as follows:



(1) A good correspondence is observed between the loading stress and acoustic emission response characteristics. When the stress mutates (surges or suddenly decreases), the cumulative ringing count and cumulative energy of the acoustic emission increase sharply. The accumulative ringing count of the acoustic emission and the cumulative energy of acoustic emission surge, whereas the stress does not necessarily change.



(2) The evolution characteristics of the deformation field are closely related to the acoustic emission response characteristics. The larger the deformation value, the more intensive the acoustic emission location events, and the greater the acoustic emission energy. The acoustic emission location events are clustered by using the DBSCAN algorithm. The clustering results show that the spatial evolution path of some acoustic emission events is consistent with the evolution path of the deformation localization zone.



(3) The evolution path of the deformation localization band is consistent with the coalescence path of the crack. The evolution direction of the tensile deformation localization band is perpendicular to the loading direction, and the evolution direction of the shear deformation localization band is approximately parallel to the loading direction. When the new localized band appears, the existing localized band evolves continuously, and the deformation value decreases gradually. The deformation value of the deformation field is closely related to the initiation and evolution of the deformation localization zone. After the formation of the localization zone, the deformation value of the other regions of the deformation field is approximately zero.
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Figure 1. Schematic diagram of digital image correlation match [29]. 
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Figure 2. Test equipment and monitoring system. 
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Figure 3. Full stress–strain curve during specimen loading. 
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Figure 4. Comparison diagram of specimen before and after failure. 
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Figure 5. Stress, acoustic emission ringing count, and time relationship after loading. 
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Figure 6. Stress, AE energy, and time relationship after loading. 
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Figure 7. Characteristics of cumulative ringing count and cumulative energy evolution during uniaxial loading. 
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Figure 8. Deformation localization zone and crack morphology. (a) is localized deformation, zone 2, (b) is the local tensile and shear strain field, (c) is the overall feature map of the crack in rock matrix, (d) is localized deformation zone 3, (e) is localized deformation zone 3. 
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Figure 9. Acoustic emission cumulative ringing count, acoustic emission cumulative energy, non-uniform deformation index and stress change curve with time. 
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Figure 10. The relationship between the evolution of the main strain field and the variation characteristics of AE events in the whole loading process. 
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Figure 11. Classification and density definition of data points. 
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Figure 12. Superimposed evolution characteristics of deformation field localization band and acoustic emission localization event. 
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