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In this paper, the potential of 3D acoustic emission (AE) tomography technique in demonstrating fracture development and delineating stress conditions was examined. Brazilian tests and uniaxial compression tests were monitored by 3D AE tomography. AE counts, AE source locations and 3D tomographic images of locally varying velocity distributions were analyzed along with stress and strain measurements. Experimental results revealed two distinct failure processes between Brazilian tests and uniaxial compression tests indicated by differences in AE counts, source locations and the temporal variation of velocity. Furthermore, the development of micro-cracks showed by the results correlated well with theoretical analysis and experimental observations. Additionally, stress patterns, failure modes and final failure planes were indicated by AE locations and velocity tomography. Three-dimensional velocity tomographic images indicated the anisotropy of samples caused by stresses as well. These results confirm the usefulness of AE tomography as a method to monitor stress induced failure and the potential of AE tomography for delineating stress conditions and predicting rock failure.
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INTRODUCTION
Understanding fracture development such as crack closure, crack initiation, crack growth and crack coalescence in stressed rock allows us to have a better understanding of rock behavior. This information will eventually benefit geotechnical engineering projects. For example, the crack initiation observed in laboratory uniaxial tests provides a lower bound limit for in-situ spalling strength in hard brittle rocks around underground excavations (e.g., Diederichs, 2007; Andersson et al., 2009; Martin and Christiansson, 2009; Rojat et al., 2008) and it may also be used as a lower bound estimate for the long-term strength threshold of crystalline rocks (Damjanac and Fairhurst, 2010).
Experimentally, fracture development can in principle be detected by measuring axial and lateral strains of samples using strain gauges (e.g., Bieniawski, 1967; Martin and Chandler, 1994), using advanced optical methods such as Digital Image Correlation to capture the real-time displacement and strain fields on the surface of the rock-like specimens (i.e., Zhou et al., 2019), measuring ultrasonic velocity of samples (e.g., Jansen et al., 1993; Chaki et al., 2008) and so on. However, it can be problematic to identify crack initiation pressure from the volumetric or lateral strain method, if the specimen contains intense pre-existing cracks (Andersson et al., 2009; Nicksiar and Martin, 2012). Also, the imaging of cracks by optical methods is only limited to the surface of specimen while cracks may be through-going or on the surface (Miller, 2008). Alternatively, analyzing acoustic emission (AE) signals has shown some success in detecting failure process characterized by brittle fracturing (e.g., Eberhardt et al., 1999a; Eberhardt et al., 1999b; Lei et al., 2004; He et al., 2010; Zhang J-Z. and Zhou X-P., 2020). Acoustic emission can be used to detect and locate cracks as they occur, even within the specimen and thus have drawn increasing attention (e.g., Moradian et al., 2016; Zhang et al., 2016). Due to the advantage of detecting the interior of materials, AE techniques have been frequently used together with other techniques (e.g., Zhang et al., 2019; Zhou et al., 2019; Zhang J.-Z. and Zhou X.-P., 2020; Lu et al., 2021).
Using AE in conjunction with ultrasonic velocity measurement can be a very good tool to investigate failure process of materials under stress. Since ultrasonic probing of samples provides velocity of elastic waves and they are related to closure and opening of narrow cracks (e.g., Gueguen and Palciauskas, 1994; Paterson and Wong, 2005). However, AE monitoring cannot be undertaken continuously and simultaneously with velocity measuring as AE monitoring usually is paused when sensors are used to transmit and receive signals for velocity probing, otherwise two systems are required which would be at very high cost. One possible solution for this problem is using AE tomography. It is based on the velocity tomography, i.e., velocity reconstruction by sections with AE events as sources (Schubert, 2004; Schubert, 2006) and has been used as a non-destructive tool for damage evaluation in concrete and metals (Cheng et al., 2013; Cheng et al., 2015). As source location of AE events and travel time are not known, localization algorithm and velocity tomography algorithm were iteratively combined. This procedure is in principle known from geophysics where earthquakes are first localized and then used for tomographic imaging of the earth’s interior. However, there have been rare studies of this technique on samples in laboratory scale to the author’s knowledge. One distinguishing feature of the AE tomography technique is the locally varying 3D velocity model, compared with traditional location methods such as Geiger’s method (Dong et al., 2015). This feature not only proves valuable in obtaining reliable source locations but also makes the continuous monitoring process achievable (Koulakov et al., 2006). It also has economic benefit as no extra sensors are required for velocity measuring and the travel times are computed relatively based on reference sensors. The authors have developed an acoustic emission tomography technique, the application of which in concrete leads to successful identification of structural discontinuities (Cheng et al., 2013). The method enables quantifications of the effects of inclusions, crack size and inclination on AE hypocenters by using locally varying 3-D velocity models in locating sources and tomographic reconstruction (Cheng et al., 2015).
In summary, the accuracy of AE source locations could be improved by AE tomography as 3D velocity model are updated during loading, which is significant for predicting catastrophic rupture in brittle rocks. In addition, velocity tomographic images could be produced during loading without interrupting loading process and the tomographic images may also be used as precursor of rock failure (Mitra and Westman, 2009).
This paper focuses on crack development and failure process of cylindrical samples made from rock-like material subjected to uniaxial tensile loading (Brazilian tests) and uniaxial compressive loading using AE tomography technique. By analyzing stress-strain curves, AE parameters including AE counts and source locations as well as 3D velocity tomography, cracking stages are identified, the evolution of crack density are also demonstrated.
MATERIALS AND METHODS
Experimental Procedure
The specimens were prepared with a cement-based grout for easy casting and eliminating initial heterogeneity of rock material. Specimens prepared using such materials has been widely used to observe the crack behaviour (i.e., Cao et al., 2015; Li et al., 2019) through which the usefulness of such material to model real rock has been demonstrated. The components and proportions of the grout materials are Portland cement, the as-supplied proportions are 30–60%, low quartz fly ash, <9% and additives, >60% respectively. The water to grout ratio was 0.25. A single block was prepared and specimens were cored after 28 days curing time. Three discs prepared for the Brazilian test had a mean diameter of 96.3 mm and thickness of 47 mm. The three specimens used in the uniaxial compression tests had a mean diameter and length of 67.8, 148 mm, respectively. The ends of samples for the uniaxial compression test were ground flat to reduce end effects.
Eight sensors were glued onto each test specimen. Signals are acquired from sensors with preamplifiers to condition the signals prior to being captured by the data acquisition system. The sensors (model Micro 80 and Nano 30) and preamplifiers (model 2/4/6) used in the study were supplied by Physical Acoustics Corporation (PAC). The data acquisition system is based on a National Instruments (NI) high-speed acquisition system acquisition (DAQ) device NI PXIe-6366, which has a maximum acquisition rate of two million samples per second per channel with 16-bit resolution. Signals were amplified at a set gain of 40 dB. In the Brazilian test, four sensors were glued on the front face and another four sensors were on the rear face. The distribution of sensors represented as black dots on the front face is illustrated in Figure 1A. As the events to be located are not completely surrounded, this distribution may not be an optimum design to locate events (Duca et al., 2015). However, this distribution confines ray paths in a smaller volume, i.e. the density of ray paths is larger than sensors completely surrounding the specimen, which improves the accuracy of velocity reconstruction. In the uniaxial compression test, sensors were arranged around the outer surface as indicated in Figure 1B.
[image: Figure 1]FIGURE 1 | Illustration of AE tomography algorithm.
Before loading commenced, velocity surveys were performed using pencil-lead break tests as sources on one surface and signals were received by sensors on the opposite surface. The test specimens were then loaded to failure using an MTS model 815 loading system under constant displacement control of 0.003 mm/s. The chosen constant loading rate falls into quasi-static loading condition (Zhang et al., 1999) and ensure enough time for AE recording. The specimen was monitored continuously during the test by an AE data acquisition system (see also Cheng et al., 2013). Signals were sampled at the rate of 2 MHz per channel. When AE signals that were amplified by 40 dB in more than six sensors exceed the threshold that is set to be 100 mV to minimize the recording of noise, it is recognized as an AE count. The events used for tomography are even less as we only selected those with high signal-noise ratios to increase accuracy of velocity redistribution. After the test, the first arrival time was determined using NI Diadem software package that has the capability to visualize and analyze large volumes of data. Signals were also zoomed in and checked manually to ensure the accuracy of first arrivals. The first arrival times were then inputted into a MATLAB code for AE tomography together with the sensor coordinates and an initial uniform velocity model where velocities were set a value of 4 km/s which is the average initial velocity rounded up to the nearest integer. The code undertook a series of iterations until the distance residuals became stable, which was generally within 30 iterations. By multiplying the P-wave velocity model and the associated time residual between each measured travel time and the calculated travel times for that given location, we calculated the distance residual, one of the sources for location errors, to be less than 3 mm in the Brazilian test and less than 10 mm in the uniaxial compression test. This distance residual as shown by Cheng (2014) is much smaller than that calculated by traditional method in which P-wave velocity model is not included. When combined with other sources for location errors, such as arrival time errors and velocity variance in the laboratory test, the source location errors amount to up to 15 mm according to pencil lead break tests. The velocity error tolerance was 22 m/s in both tests with ART tomographic reconstruction convergence value set at 0.0005 and velocity at 4 km/s. Only sources located inside the sensor configuration region were used to perform velocity tomography as the source locations inside the sensor array are considered to be more accurate than those outside (Hardy, 2003) and large source location errors can cause large velocity errors (Schubert, 2004).
Algorithm of AE Tomography Technique
The basic concept of AE tomography technique is that AE events are used as point sources for tomographic reconstruction. In contrast to traditional tomography, both source locations and travel times are unknown. AE source location algorithm and tomography image reconstruction algorithm are iteratively combined. A computer algorithm was developed to process large amount of elastic wave data for the purpose of AE source location and tomography reconstruction with the standard procedures shown in Figure 1. More details of the algorithm can be found in the literature (Schubert, 2006; Cheng et al., 2015).
Crack Density Inverted From Velocity
The velocities of elastic waves are affected significantly by the volume, distribution and shape of cracks in the rock (Walsh, 1965a; O’Connell and Budiansky, 1974; Paterson and Wong, 2005). It is known that P wave velocity may decrease substantially in the presence of thin cracks (e.g., Hadley, 1976). In a stressed rock volume, tensile cracks open preferentially parallel to the maximum compressive stress direction (Tapponnier and Brace, 1976; Reches and Lockner, 1994). The velocity propagating in the direction perpendicular to the planes of preferred crack orientation is more significantly reduced than that parallel to the crack planes (Nur, 1971; Bonner, 1974; Lockner et al., 1977; Schubnel et al., 2003). Elastic constants and crack damage can be estimated from elastic wave velocities (Soga et al., 1978; Ayling et al., 1995; Mavko et al., 1998; Schubnel et al., 2003).
We use the model of Soga et al. (1978) to invert crack densities from the velocity data. The classic model by Soga et al. (1978) relates the velocity changes to the evolution of stress-induced micro-cracking and dilatancy. It is so efficient that only limited numbers of input (velocity) are required but useful insight into the micromechanics could still be provided. For example, Stanchits et al. (2006) showed that crack densities in triaxial compression tests on Etna basalt and Aue granite predicted by the approach of Soga et al. (1978) are very similar to the self-consistent model by O'Connell and Budiansky (1974) which also require measurement of the effective bulk modulus and Poisson ratio. Flat spheroidal cracks are assumed oriented perpendicular to three orthogonal directions (Andersson et al., 2009).). Oblique cracks may also exist but the effects on velocity can be considered vectorially divided between those of the three mutually perpendicular crack types. For an isotropic material, the crack density is related to P-wave velocities by the equation:
[image: image]
P0 is the P-wave velocity of the crack-free rock and the coefficients a1=1.452 and a2=0.192 are given by Soga et al. (1978). Following Stanchits et al. (2006) the unknown P0 is taken as 1.05 times the maximum registered P-wave velocity leading to P0=4.115 km/s.
EXPERIMENTAL RESULTS
Brazilian Test
With increased load, specimens separated into two halves with the splitting surfaces sub-parallel to the loading axis as shown in Figure 2. The average strength of the test specimen was determined as 2.2 MPa and the axial stress-time curve for one disc is shown in Figure 3. Results presented are always for this disc unless otherwise stated.
[image: Figure 2]FIGURE 2 | Distribution of sensors (black dots) for (A) Brazilian test and (B) uniaxial compression test. In (A) the arrangement of the sensors on the rear face is the same as the one in the front face. (C) Arrangement of a test specimen after the Brazilian test.
[image: Figure 3]FIGURE 3 | Cumulative AE counts and axial stress versus loading time.
The entire failure process can be divided into three stages based on the stress-strain and AE count curves. The relationship between the three stages and axial stress-time is also displayed in Figure 3. AEs recorded after peak load reached were excluded in the curve. The average time interval of the three stages was around 35.3 s. In total, 36, 41 and 39 events with high signal-noise ratios were selected for Stage I, II and III, respectively, to locate AE source locations and perform velocity redistributions. Tomography was performed with specimens discretized into 90 cells with a single cell size of 11 × 8 × 10 mm3. The stress intervals and number of events and rays (i.e. number of sources multiplied by number of receivers) corresponding to the three stages are displayed in Table 1.
TABLE 1 | Time, stress intervals, number of events and rays at three stages of Brazilian test.
[image: Table 1]Initially there is a slow rise in the number of AEs until it reaches a threshold and the count remains almost constant for 20 s as shown in Figure 3. This corresponds to what is referred to as Stage I behavior. It is thought that during this period pre-existing micro-cracks are prone to be closed under compressive stresses. Stage II is marked by a steady but constant increase of count. In Stage III there is an increasing count of signals with a rapid rise just at the onset of failure. The count rate then reduces after specimen failure. AE count increases almost linear with axis strain before failure. The gradual increase indicates that the failure was formed by progressive clustering of micro-cracks (Falls 1993). To facilitate understanding of each stage, we name each stage following the work of Martin and Chandler (1994), based on the above observations.
Stage I Crack Closure
At the end of Stage I where the applied stress is around 20% of the peak stress, the AE source locations can be mapped in the specimen as red circles as shown in Figure 4 which in consistent with the trace of fracture is Figure 5. They occur predominately in a plane parallel to axis of loading as indicated by the arrows in Figure 4B. As the numerical modelling and theoretical analysis of the Brazilian test indicated (Yanagidani et al., 1978; Chen et al., 2004; Li and Wong 2013), this location coincides with the location of maximum stress concentration. The result is consistent with Griffith’s crack theory and indicates the validity of the peak stress as the tensile strength.
[image: Figure 4]FIGURE 4 | Cumulative AE source locations of the Brazilian test. (A) top view of sample, (B) sample orientation indicating direction of applied load, (C) front view of sample, and (D) side view.
[image: Figure 5]FIGURE 5 | (A) Top view of the left half disc, (B) bottom view of the left half disc, (C) grey scale intensity photo of the specimen after failure (C) and (D) grey scale intensity photo of the failed specimen photo superimposed with AE source locations (red circles) . In (C) and (D) the blue color represents air and yellow-red color suggests the sample itself.
Before loading, a velocity survey was conducted on the specimen. The survey showed a difference in velocity at different directions (ranging from 0.14 km/s to 0.20 km/s with a mean velocity of 3.79 km/s). The located source concentrates mainly in the area between the two loading points, thus the ray paths along this area would also be much denser than other parts in the specimen. This means the results obtained near this area would be the most accurate. As a result, to reduce the risk of errors caused by sparse ray paths, only results near the plane between the loading points were presented.
Figure 6A–C shows the velocity tomographic images at x = 22 and 33 mm with equal distance to the center of the disc at Stage I of the Brazilian test. The transparent cylinder indicates the boundary of the specimen. From the tomograms of the two planes, it can be seen that velocity distributions are different between the surface and middle sections of the disc as the velocities are obviously higher at the surface than the middle sections. This observation agrees with the numerical modelling results obtained by several researchers (e.g., Yu et al., 2006; Zhu and Tang 2006).
[image: Figure 6]FIGURE 6 | 3D illustration of velocity tomograms (A, D, G), and 2D velocity tomograms along the loading direction with the same distance to the centre at Stage I (B, C), Stage II (E, F) and Stage III (G, I) of the Brazilian test.
Stage II Crack Initiation and Crack Growth
During Stage II, AE source locations are shown as blue circles as seen in Figure 4. Micro-cracks can still be observed in the plane experiencing the maximum tensile stress, where stress increased to 56% of strength. Furthermore, cracks seem to start extending along the thickness of the disc as several AE events were seen in the area along the thickness.
The high velocity regions extend from the surfaces to the middle-sections (Figure 6D–E). The extension directions are in two different manners: at x = 22 mm, hot colors implying high velocities are observed to extend from the top while at x = 33 mm, hot colors are extending from the bottom. The velocity patterns give a good indication of the curvature of micro-cracks development.
At Stage II, the cracks parallel to the loading direction are prone to be opened while cracks perpendicular to the loading direction are prone to be closed. In this case most received AE waves propagate perpendicular or at an oblique angle to the loading direction. The low velocity regions indicate that opened cracks exist along the loading direction which would block the wave path and reduce the wave velocity (more information of defects angle effect on wave propagation can be found in Cheng et al., 2015).
Stage III Crack Coalescence and Failure
During Stage III, macro-cracks formed and grew eventually into the final failure plane and AE events were observed to scatter along the plane undergoing maximum tensile stress (Figure 4). AE events in the top view also expand to some width instead of concentrating near the diameter between the two loading points. The locations of the front view in Figure 4C also indicate that the final plane might not be vertical but has a small angle to the top plane. To validate the speculation, photos of the final failure sample were compared with source locations in the Brazilian test as displayed in Figure 5.
At the final stage, the velocity tomograms return to lighter blues (implying low velocity) with a corner of red (implying high velocity) at the top left of the tomogram at x = 22 mm as illustrated in Figure 6G–I. At this stage the brittle failure occurred. Low velocity regions indicate the final failure plane. As the tomographic images were obtained during a period of time, they may represent the progressive failure process in a period time instead of a single moment. Therefore, the red corner may occur at the start of the final stage and represent the decrease of high velocity areas because of the extension of cracks.
Top view and bottom view of the left half disc are provided in Figure 5A, B with an elastic band as reference to show the curvature and inclination of the failure plane. The inclination of the failure plane is consistent with the scattering of source locations as shown in Figure 4A. It can be seen that the final failure did not occur along a smooth, flat surface plane as the theoretical analysis predicts (e.g., Li and Wong, 2013), which is related to the anisotropy and heterogeneity of the disc (Tavallali and Vervoort 2010). A grey scale intensity photo of the specimen after failure is shown in Figure 5C. The blue color represents air and yellow-red color suggests the sample itself.
With all the source locations superimposed on the photo of the specimen as shown in Figure 5D, source locations fit well with the final failure plane pattern. However, compared with the intensive AE activities near the center of the disc, AE events near the platen contact areas are rare. One possible explanation is that there is indeed little micro-cracking near the loading points and the cracks initiating outwards from the center fast and abruptly to the two loading ends to coalesce into the final failure plane. Yet other possible reason cannot be excluded, such as that there are micro-cracks near the loading ends, but they were so small that the signals were attenuated and could not be recognized.
Summary
The plots of AE source locations show that there are micro-crack activities at each stage of the Brazilian disc test. The initiation of cracks occurred at the center of the disc. Micro-cracks then developed to the top and the bottom of the disc. The final failure formed suddenly when the micro-fractures coalesced into the two loading ends. The peak stress was validated as being the tensile strength for the micro-fracture activities implied by AE events and the theoretical analysis (e.g., Li and Wong, 2013).
The average velocity from initial state to the final stage is associated with cracking stages (Figure 7). It can be seen that the velocity increases, and the crack density decreases at Stage I which is related to crack closure. Velocity still rises at Stage II but with a smaller increase compared to Stage I. At this stage the crack opening begins to dominate. At Stage III, the velocity decreases and crack density increase as dilatant cracks increase and grow into a macro-fracture.
[image: Figure 7]FIGURE 7 | Changes of the average velocity and the inverted crack density in the Brazilian test.
Uniaxial Compression Test
The failure modes of the uniaxial compression test specimen were a mix of splitting and shearing. In Figure 8A cracks were observed to split the specimen parallel to the loading direction and in Figure 8B, shearing of the specimen could also be seen along an oblique plane and near the loading end. Notably, shearing occurred near the peak stress and the small piece shown in Figure 8B was not completely detached. It was separated after the test for the purpose of showing details of failure planes. An end cone caused by platen restraint is also visible.
[image: Figure 8]FIGURE 8 | (A) Longitudinal cracks parallel to the direction of applied load. (B) Specimen after test.
The uniaxial compression strength of the sample was measured as 41.3 MPa and the stress-time curve is shown in Figure 9. The time to failure was approximately 377 s. The stress-time curve is quite typical, with four regions. The first region is with positive curvature illustrated as Stage I. The second region is a nearly linear curve and includes Stage II and III. The third region is with negative curvature shown as Stage IV and the final curve is the post peak region represented as Stage V. The acquired signals were divided into five stages for processing and analyzing AE and tomographic images.
[image: Figure 9]FIGURE 9 | Cumulative AE counts and axial stress versus loading time of uniaxial compression test.
The average time interval of the five stages was around 75.7 s, excluding the post-failure zone. A total of 31, 39, 32, 59, and 28 events with high signal-noise ratios were selected for Stage I, II, III, IV, and V, respectively, to locate AE sources and perform velocity redistributions. Tomography was performed with specimens discretized into 810 cells with a single cell size of 9 × 9 × 10 mm3. The time and stress intervals and number of processed events and rays corresponding to the five stages are displayed in Table 2.
TABLE 2 | Time, stress intervals, number of events and rays at five stages of uniaxial compression test.
[image: Table 2]For the uniaxial compression test, initially AE count increases steadily until around 70 s and then remained unchanged as load increased within the elastic range for around 240 s. As load further increases, AE count begins to increase very rapidly while the force-time curve becomes highly non-linear. The count stays low until just before failure and increases when stress rises to about 90% of the peak stress (Figure 9).
Stage I Crack Closure
At Stage I, with applied stress less than 12.1% of the peak stress, AE source locations are observed and mainly exist in the plane of x = 0 mm parallel to the loading direction. During this time, the specimen was mainly compressed, and pre-existing micro-cracks were being closed. Intensive AE source locations at the plane x = 0 mm indicate that the load distributes unevenly and concentrates in the x = 0 mm plane.
Before loading, a velocity survey was conducted on the specimen. The average velocity is determined to be 3.69 km/s and the average velocity through the plane z = 50 mm is 3.72 km/s. The anisotropy percentage is less than 11%, which is computed by dividing the average velocity by the difference between the fastest velocity and the slowest velocity. Two high velocity areas are observed both in the top and bottom of the velocity tomographic image at x = 0 mm and y = 0 mm for Stage I of the uniaxial compression test in Figure 11A. The distribution of high velocity areas agrees well with the theoretical stress analysis of Hawkes and Mellor (1970).
Stage II Stable Crack Growth
As the applied load increased to 66.7% of the peak stress, AE events are observed scattering all over the specimen as shown in Figure 10. Axial stress increases linearly during this stage. There is a concentration of AE events in the center which agrees with the critically stressed regions resulting from theoretical stress analysis (Balla 1961; Hawkes and Mellor 1970; Peng and Johnson 1972).
[image: Figure 10]FIGURE 10 | Cumulative AE source locations of the uniaxial compression test: (A) project front view of sample, (B) sample orientation indicating direction of applied load, (C) top view of sample, and (D) side view.
When the load is increased to 66.7% of the peak load, there is an obvious high velocity area at the bottom of the velocity tomographic image at x = 0 mm and y = 0 mm shown in Figure 11B. The high velocity area at the top disappeared, which may be due to that crack propagation in that area have been stable at this stage.
[image: Figure 11]FIGURE 11 | Velocity tomograms at (A) Stage I, (B) Stage II, (C) Stage III, (D) and (E) Stage IV (at two different view angles) and (f) Stage V of uniaxial compression test. The red circle in (C) indicates the distribution pattern of AE source locations.
Stage III Crack Clustering
At Stage III axial stress increased to 89.2% of the peak stress and it increase is still relatively linear with time and strain. As shown in Figure 10, AE events cluster into a plane with an oblique angle to the plane of x = 0 mm. This plane is consistent with the final single shear failure plane. It also coincides with the predicted shear failure pattern by theoretical stress analysis.
Tomograms at x = 0 mm and y = 0 mm as displayed in Figure 11C show that high velocity regions at this stage scatter in a pattern (circled by red line) similar to the AE source location distribution pattern at Stage III. Other high velocity regions, except the red circled area, are also observed at both the top and bottom of the specimen. Spalling around the circumference of the two ends was also observed during the test. They may be related to the high stress concentrations, as indicated by hot colors near the surface of the specimen.
Stage IV Crack Coalescence
At Stage IV axial stress increased to 99.9% of the peak stress. AE events are mainly distributed in the upper part of the specimen. Events located above z = 80 mm seem to occur in a region of triangle shape and they are considered strongly related to the formation of the end cone as shown in Figure 8B. As illustrated by the AE count curve in Figure 9, the AE rate begins to grow rapidly at this stage where the previously randomly distributed micro-cracks are clustering during this period.
High velocity regions are observed at both top and bottom of the tomograms as shown at two different angles in Figure 11D, E. However, as most sources are located in the upper part, the high velocity region at the bottom is probably caused by a low ray coverage. Velocities in the red circled area at Stage III (Figure 11C) decreases at Stage IV indicating that macro-fracture is forming which agrees with the AE rate time curve shown in Figure 9.
Stage V Failure
In the final stage axial stress fell to 94.5% of the peak stress after reaching the peak. The AE rate curve indicates that AE activities still exist and are quite intensive at this stage. Source locations are found mainly in the center and upper part of the specimen (see Figure 10). The final failure plane was formed and the specimen failed abruptly.
At Stage V, there are still high velocity areas at the top of the velocity tomographic images shown in Figure 11F. The surface near the high velocity area is found intact after testing, though there may be micro-cracks inside.
Because the plane z = 50 mm contains the most concentrated AE sources, shown by tomograms of the five stages, velocity tomograms of it would also be the most accurate. Thus, average velocities of this plane were studied. The average velocity from initial state (Stage 0) to the final stage is related to the stress states at different stages as described in Figure 12. It can be seen that the velocity increases slightly at Stage I and II where high velocities were distributed mostly at the top or bottom. At Stage III and IV velocity rises much quicker than previous stages. The center of the specimen was under high stress at these two stages. Velocity reduces sharply at Stage V where a macro-failure plane has formed.
[image: Figure 12]FIGURE 12 | Changes of the average velocity and the inverted crack density through Plane z = 50 mm in the uniaxial compression test.
With all the source locations superimposed in the photo of the specimen (see Figure 13C), it can be seen that micro-cracks mainly occurred near the cone end and the central part of the specimen, which are the critically stressed areas as indicated in the theoretical analysis (i.e., Hawkes and Mellor, 1970). AE source locations provide a reasonable indication of the damaged zone. The failure plane in the black circled area shown in Figure 13C is the same plane circled in Figure 13B. It was mechanically removed after testing, and shows nearly none micro-crack activities.
[image: Figure 13]FIGURE 13 | (A) and (B) 3D source locations (red circles) at two different views, (C) photo of the failed specimen, (D) failed specimen photo superimposed by AE source locations (white dots). The parts in the black circles are the same position of the sample.
DISCUSSION AND IMPLICATIONS
Failure Processes
We discuss in the following the failure process during the two tests. Despite only one test per each testing scenarios was presented, the statistical reliability of experimental results might be indicated by the uncertainty associated with the test measurements and calculation of AE parameters. Because specimens used in this study are made of rock-like materials which are known for producing relatively homogenous specimens (Cao et al., 2015; Li et al., 2019). As a result, assuming homogeneity of specimens on the spatial scale indicates that measurement uncertainty exceeds the standard deviations of the performed tests.
The located AE hypocenters and velocity diagrams show distinct features for uniaxial compression tests and Brazilian tests. The AE hypocenters in Figure 10 and velocity diagrams in Figure 13 for uniaxial compression tests showing several separated zones where the p-wave velocity increased significantly during loading indicates that the damage is quite diffused and that crack initiates at several locations until they coalescent to form a macroscopic fracture. Similar observations on such a diffused damage zone preceding the occurrence of brittle fracturing have also been reported in rock failure under compressive stresses (i.e., Yang et al., 2021). Different to uniaxial compression tests, the Brazilian tests exhibit a localized damage zone, as revealed in Figure 4 and Figure 6, indicating the location for tensile fracturing, which is consistent with previous analytical studies (i.e., Russell and Muir Wood, 2009) that the failure is controlled by the tensile strength and crack initiates at the largest tensile stress beneath the loading point. These observations lend support to our hypothesis that the AE sources are predominately mixed types of compressional and shear type events in uniaxial compression tests and are predominantly tensile type in Brazilian tests. Also, the observations that the velocity reduced only after failure in the uniaxial compression test, while in the Brazilian test velocity had already begun to reduce before failure occurred might also be explained by the different types of micro-cracks.
Fracture Process Zone
The observed progressive clustering of micro-cracks especially in Brazilian tests support the notion of fracture process zone (FPZ) (Labuz et al., 1987). There are investigations suggesting that the size of FPZ might be estimated with the aid of AE locations (i.e., Zhang and Wu, 1999; Zhou and Zhang, 2021). The more diffused damage zone for uniaxial compression test arising from the compressive stresses than that of Brazilian test indicates the estimation of FPZ size might be more appropriate for Brazilian test. We estimated the width of the localized damage band in Brazilian tests using results in Figure 4c at the magnitude of a few millimetres. When this width of the localized damage band is taken as the FPZ size, it is comparable with estimations reported in the literature for sandstone and granite (i.e., Chen and Labuz, 2006; Zhang et al., 2012).
Implications
AE technique has potential applications for forecasting catastrophic rupture in brittle rocks (i.e., Meng et al., 2016; Zhang J-Z. and Zhou X-P., 2020). An improved accuracy of locating AE hypocenter is thus desirable. We demonstrate that the P-wave velocity varies during either uniaxial compression test or Brazilian test because of noticeable changes in micro-crack densities during tests. Therefore, in comparison to an isotropic velocity model, a varying 3D-velocity model as used here is expected to improve the accuracy and reliability of the velocity tomographic images showing the progressive cracking without interrupting the loading process.
In the velocity tomography study, high velocity areas are observed to agree with the highly stressed regions, which is as indicated in theoretical analysis (e.g., Li and Wong, 2013). High velocity areas were also found to occur before the final failure of the specimen which may be used as a precursor of specimen failure.
CONCLUSION
The above conclusions in this study suggest the usefulness of AE tomography technique as a method for monitoring fracture development induced by loading. The potential of delineating stress conditions and predicting rock failure are also indicated.
1. Analysis of the AE count data showed a difference in the failure process between the Brazilian and uniaxial compression tests. The former failed by progressive clustering of micro-cracks while the latter failed following a sudden coalescence of randomly-spaced cracks.
2. The expected failure processes by AE count data were confirmed by source location analysis of AE events. In the Brazilian test, AE source locations were concentrated along a plane parallel to the loading direction. AE activities were found to initially cluster in the center and grew outwards toward the top and bottom of the specimen in the later stages of the test. This is in agreement with the theoretical analysis. In the uniaxial compression test, randomly located AE events were found in the center, along an oblique angled plane and the top of the specimen. These micro-cracks coalesce into the final failure plane near the peak stress.
3. Three-dimensional velocity tomographic images indicated the existence of stress-induced anisotropy of samples. Pre-existing micro-cracks were prone to be closed in the early stages of loading with velocity increasing. However, they may be open or continue closing (shearing) depending on whether the stress field is predominately tensile or compressive during which the velocity would also decrease or increase. The largest decrease of velocity was found to occur in the regions where AE source locations were concentrated.
4. The temporal variation of velocity also indicated different failure modes between the Brazilian and uniaxial compression test. In both tests, velocity increased in the early stages. However, in the uniaxial compression test, the velocity reduced only after failure, while in the Brazilian test velocity had already begun to reduce before failure occurred. The velocity decrease in the Brazilian test resulted probably from predominate tensile cracks opening in tensile stress field which was less dominate in the uniaxial compression test.
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