[image: image1]Three-dimensional numerical simulation study of pre-cracked shale based on CT technology

		ORIGINAL RESEARCH
published: 09 January 2023
doi: 10.3389/feart.2022.1120630


[image: image2]
Three-dimensional numerical simulation study of pre-cracked shale based on CT technology
Yuhan Yang1, Zhonghu Wu1*, Yujun Zuo2, Huailei Song1, Wentao Wang1, Motian Tang1 and Hengtao Cui3
1College of Civil Engineering, Guizhou University, Guiyang, China
2Mining College, Guizhou University, Guiyang, China
3School of Civil Engineering, Southwest Jiaotong University, Chengdu, China
Edited by:
Ken’ichi Matsumoto, Toyo University, Japan
Reviewed by:
Cao Rihong, Central South University, China
Chun Zhu, Hohai University, China
* Correspondence: Zhonghu Wu, wuzhonghugzu@163.com
Specialty section: This article was submitted to Economic Geology, a section of the journal Frontiers in Earth Science
Received: 10 December 2022
Accepted: 19 December 2022
Published: 09 January 2023
Citation: Yang Y, Wu Z, Zuo Y, Song H, Wang W, Tang M and Cui H (2023) Three-dimensional numerical simulation study of pre-cracked shale based on CT technology. Front. Earth Sci. 10:1120630. doi: 10.3389/feart.2022.1120630

Due to the heterogeneity of rock media, it is difficult to truly reflect its internal three-dimensional microstructure in physical tests or numerical simulation. In this study, CT scanning technology and numerical image processing technology are used, and the finite element software RFPA-3D is used to establish a three-dimensional non-uniform numerical model that can reflect the meso structure of rock mass. In order to study the fracture mechanism of shale with prefabricated fractures, seven groups of three-dimensional numerical models with prefabricated fractures from different angles were constructed, and Brazilian fracturing numerical simulation tests were carried out. The results show that method of reconstructing 3D numerical models by CT scanning is feasible and provides a viable method for in-depth study of the micromechanics of shale. Prefabricated fractures and quartz minerals have significant effects on the tensile strength of shale, and both will weaken the destructive strength of shale specimens. The damage modes of Brazilian disc specimens containing prefabricated fissures can be divided into four categories. The damage process is divided into budding, plateauing and surge periods by acoustic emission. The crack initiation angle of the prefabricated fissure tip increases with increasing fissure angle, and the MTS criterion can be used as a basis for judging prefabricated fissure initiation. The results of the study are important guidance for the fracture initiation mechanism and fracture expansion law of the fractured layer containing natural fractures in the hydraulic fracturing process.
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1 INTRODUCTION
Shale gas, as a new energy resource, now accounts for 40% of the total natural gas, and its share is increasing (Zou et al., 2010; Wang et al., 2016; Wu et al., 2017). China has abundant shale gas resources with huge potential for development. Improving the efficiency of shale gas extraction is of great importance to the development of resources. There are still many problems in the shale gas extraction process that prevent efficient production of shale gas, such as the optimization problem of hydraulic fracturing and the destabilization of well walls. The pores of shale gas storage have a large proportion of nano-scale fractures, and the poor permeability is not conducive to extraction, so shale reservoirs must be fractured and modified to increase permeability (Darabi et al., 2012; Padin et al., 2014; Tahmasebi et al., 2016; Yang et al., 2021). In actual shale rock engineering, in addition to bedding, there are a large number of defects such as natural fractures and artificial fractures at different scales inside the rock mass, and these defects are one of the main internal factors controlling the mechanical properties such as deformation and strength of the rock mass. Under the action of hydraulic pressure and ground stress, the natural fractures in the rock can easily be extended to interpenetrate with the hydraulic fractures, and hydraulic fractures can also expand in other directions under local stress perturbations caused by natural fractures, thus affecting the recovery of shale gas (Bowker 2007; Perez 2010; Liu et al., 2021). Therefore, the study of the extension mechanism as well as the physical properties of shale containing fractures has great engineering significance.
The fracture properties of shale containing fractures have been studied extensively by many scholars. For example, Zuo et al. (Zuo et al., 2019) performed a three-point bending test on shale specimens containing different angular incisions and observed them by scanning electron microscopy (SEM), the results show that the crack usually extends from the tip of the notch towards the loading point, with a more tortuous path as the tilt angle of the notch becomes larger. Shi et al. (Shi et al., 2018) cut prefabricated fissure at different angles in the cis-bedding plane and used a dynamic rock triaxial test system to simulate hydraulic fracturing tests. The results show that the greater the angle of the prefabricated fissure, the greater the maximum pore pressure at which the specimen ruptures. The damage pattern also shows various anisotropies with the fracture’s angle (Yang et al., 2019). used Hopkinson compression bars for impact loading of semicircular bent shale specimens containing cracked notches, the results show that the laminar surface changes the direction of crack extension. Brazil splitting test is a method to measure the tensile properties of rocks. It is not only used to indirectly test the tensile strength of rocks, but also often used to study the fracture properties of rocks. Many scholars have already studied rocks containing Prefabricated fissure using the Brazilian splitting test. Xiong et al. (Xiong et al., 2019) measured shales with type Ⅰ fracture toughness based on Brazilian cleavage, and investigated the effects on fracture toughness in terms of clay minerals, brittle minerals, temperature, and hydration in shales, respectively. Zhou et al. (Zhou and Wang 2016) investigated the mechanism of fissures expansion by compressing Brazilian disc specimens containing single and double fissures based on Non-ordinary state-based peridynamic theory (NOSB-PD). The effect of specimen size and crack inclination on the damage load of specimens with prefabricated fissures is also considered. Several scholars have used the digital image correlation (DIC) method to study the process of crack emergence and expansion in specimens with prefabricated fissures under different loading angles (Xi et al., 2020; Zhou et al., 2021).
However, the limitations of physical tests are that the crack extension process cannot be observed frame by frame and there are certain errors from one specimen to another. Nowadays, numerical simulation is also widely used in the field of oil and gas extraction and rock damage. For example, He and Liu et al. (Liu et al., 2020; He et al., 2021) simulated Brazilian splitting tests using PFC2D software, and a numerical model of rocks containing double fractures was developed to analyze the indirect tensile mechanical behavior of anisotropic disc specimens. The RFPA -dynamic program was used to build numerical models to study the impact properties and mechanisms of different numbers of prefabricated parallel cracks on the specimens (Zhang et al., 2020). The above studies are all based on the two-dimensional case to consider the crack expansion. However, the real crack expansion occurs in three-dimensional space. Therefore, some scholars have also considered various properties of rocks in three-dimensional conditions. For example, based on the RFPA3D finite element program, different 3D models have been constructed to study the rupture mechanism of the specimens by direct shear test, SHPB test, and Brazilian splitting test (Dai et al., 2015; Liao et al., 2020; Zhang et al., 2021). The higher order term coefficients of the Williams series expansion of the central cracked Brazilian disc under compressive loading were obtained using the digital image correlation (3D-DIC) method and the finite element method (Moazzami et al., 2018). Luo et al. (Luo et al., 2017) used digital image correlation technique (3D-DIC) to record the deformation of the specimens under the Brazilian splitting test, and the effects of cracks with different dip angles and lengths present in the Brazilian disc on its mechanical properties, fracture initiation and extension were investigated.
However, due to the complex mineral composition of shale, it contains many brittle minerals. The previous research understanding and practical experience show that the better the brittleness of shale is, the stronger the fracture making ability is, the easier it is to form a complex fracture network, and the better the fracture transformation effect is. Quartz is the main brittle mineral, and its content can effectively reflect the brittleness of shale. However, the general numerical model construction method cannot reflect the shape and distribution characteristics of irregular brittle minerals in real rock mass, and cannot simulate the real mineral distribution characteristics in rock. CT scanning technology is a non-destructive testing method, CT images can well reflect the pore structure inside the rock. In recent years, many scholars have applied CT scanning technology to geotechnical research, and certain research progress has been made (He et al., 2016; Zhou et al., 2016; Li et al., 2017; Dong et al., 2018). The above study lays the foundation for the reconstruction of 3D models from CT scan images.
Therefore, this paper takes shale containing prefabricated fissure as the research object, obtains the internal structure image of shale by CT scan. Combined with this image, a three-dimensional model was built in RFPA-3D, which can reflect the internal meso structure of rocks and characterize the heterogeneity of shale. This model is highly consistent with the real rock sample. Conducted Brazilian splitting tests to study the damage pattern, tensile strength and acoustic emission properties of shale containing prefabricated fissure.
2 XRD WHOLE ROCK DIFFRACTION AND CT SCANNING TEST
2.1 XRD whole rock diffraction analysis
This test piece is taken from the shale of the Lower Cambrian Niutitang Formation in northern Guizhou. The lithology of the study area is mainly black carbonaceous shale, and the mineral composition of the shale is mainly clay minerals and brittle minerals. Brittle minerals mainly include quartz, calcite and carbonate minerals. Generally, the higher the content of brittle minerals and the lower the content of clay minerals in shale, the easier it is to form natural fractures under the action of tectonic stress field or induced fractures during hydraulic fracturing. Therefore, mineral components have a very important influence on the formation of fractures in shale reservoirs. This paper conducts XRD whole rock diffraction analysis and clay mineral analysis on shale of Niutitang Formation of Lower Cambrian. Figure 1 shows the results of XRD diffraction analysis. The results show that the average content of quartz is 40%, the average content of carbon shale is 29%, and the average content of feldspar is 15%. The average content of dolomite is 10%, the average content of pyrite is 5%, and the average content of biotite is 1%.
[image: Figure 1]FIGURE 1 | XRD whole rock diffraction analysis diagram.
2.2 CT scanning test
The instrument used in this CT scanning experiment is the X-ray three-dimensional ultra precision micro nano structure detector, and the model is Voxel-3502E. The instrument’s X-ray source voltage is 20–190KV, and the highest spatial resolution of the instrument can reach 0.5 μm. The instrument uses a large field of view flat detector and objective coupling detector together for test imaging, using the current advanced algorithm for three-dimensional accurate and rapid reconstruction of the image. Obtain three-dimensional body data that reflect the real spatial structure inside the sample, and improve the resolution by reducing the size of the detector unit with an optical magnification system.
The principle of CT scanning is that after X-rays penetrate a substance, the degree of attenuation of X-ray intensity is proportional to the density of the object and the thickness of the object. The grayscale value of the CT scan image directly shows the degree of X-ray attenuation: the color changes from black to white, the greater the density of the substance, the higher the degree of X-ray attenuation, and the grayscale value is large (Xue et al., 2015). In the scanning process, During scanning, the positions of the X-ray source and detector are always kept unchanged. The sample rotates at a constant speed from −180° to 180°. One picture is taken every n degrees of rotation. The CT scanning image is shown in Figure 2. The scanning image is 1246 × 1246 pixels, the gray black part of the image is shale matrix. Through thin section identification, the bright spot part is mainly quartz granular ore, the particles are in point line contact or no contact with each other, sub round sub angular, with medium sorting preference, and the particle size range is 0.01–0.1 mm.
[image: Figure 2]FIGURE 2 | CT scanning image.
3 CT IMAGE PROCESSING AND 3D MATERIAL STRUCTURE RECONSTRUCTION
3.1 Image preprocessing
Cut the CT image, and obtain the microstructure information of the image by histogram threshold method. A prefabricated crack with a length of 25 mm and a thickness of 0.8 mm is set on the scanning image by using the numerical image processing technology, and the sharp crack tip is obtained by reducing the pixel points at the tip. The Brazilian splitting test was performed by spacer loading, with two loading plates set up at both ends of the specimen.
Due to the limitation of computing power, the slice image pixel of CT scan was reduced to 200 × 200. Image processing selects multi threshold segmentation in HSI (Hue is chromaticity, Saturation is saturation, Intensity is brightness) color space by changing the brightness I value. To determine the image segmentation threshold I, a scanning line passing through the rock matrix and quartz mineral at the same time is randomly selected in Figure 3A. Counts the grayscale value of each pixel point on this scan line. The grayscale values of the shale matrix in the scanned image shown in Figure 3B are located below the dashed line and the grayscale values of the quartz are located above the dashed line. The finalized grayscale values were determined by multiple threshold segmentation tests to distinguish between shale matrix and cavity units (I = 40), shale matrix and quartz minerals (I = 105). The image after threshold segmentation is shown in Figure 4.
[image: Figure 3]FIGURE 3 | I-value change curve. (A) CT scanning image. (B) I value change chart.
[image: Figure 4]FIGURE 4 | Image after threshold segmentation.
3.2 Shale 3D model reconstruction
To build a 3D digital specimen of the shale, 50 CT image slices were uniformly selected, and 50 digital images of the fine structure of the shale represented were imported into RFPA3D for superimposition. In the reconstruction process, it is assumed that the material slice image can represent the fine structure of a material with a small thickness d. If d is small, the error in the fine structure characterization can be neglected, and the slice thickness d = 0.2 mm is taken. Figure 5 shows the flow chart of 3D numerical model building, and the final 3D numerical model of shale is shown in Figure 5C. The model size is a Brazilian disk with a diameter of 50 mm and a thickness of 25 mm. The entire model is divided into two million units. The prefabricated fissure is set as a cavity unit, the elastic modulus of the loading plate is set to 10 times larger than the material, the compressive strength is set to 500 MPa, and the loading plate is fixed.
[image: Figure 5]FIGURE 5 | Flow chart of 3D numerical model reconstruction. (A) CT scan image. (B) Image overlay process. (C) Numerical model. (D) Diagram of elastic modulus of numerical model.
Weibull distribution function (Weibul, 1939) in RFPA3D was used to assign values to non-uniform shale specimens. The values of strength, Poisson’s ratio, modulus of elasticity and density of the fine unit are assigned by the following equation:
[image: image]
Where x denotes the material medium matrix physical properties parameters (elastic modulus, strength, Poisson’s ratio, density, etc.). β denotes the average of the parameters of the physical properties of the primitive, m indicates the nature parameter of the distribution function, whose physical meaning reflects the homogeneity of the material medium, defined as the homogeneity coefficient of the material medium, reflecting the degree of homogeneity of the material, f(x) is the density of the statistical distribution of the physical properties x of the material (rock) primitive. The material parameters in this test are derived from the mechanical parameters of shale in the Lower Cambrian Niutitang Formation in north area of Guizhou (Wu et al., 2020), and are summarized in Table 1, where the values in brackets represent the uniformity coefficient of this parameter. The elastic modulus diagram after the assignment is shown in Figure 5D.
TABLE 1 | Material parameters of shale specimens.
[image: Table 1]4 TEST RESULTS AND ANALYSIS
The prefabricated fracture angle α is the angle between the fracture and the loading direction. In this paper, the prefabricated fracture angles were selected at equal intervals of 15°, which were 0°, 15°, 30°, 45°, 60°, 75°, 90° and complete specimens for a total of eight groups of prefabricated fracture specimens. Eight groups of undivided quartz test pieces were made synchronously as the control group. The established model sets the loading direction as Z-axis and uses displacement loading method with initial displacement of 0.0001 mm/step and loading displacement of 0.0002 mm/step at each step until the specimen is damaged.
4.1 Mechanical characteristics analysis
The mechanical properties of the pressed solids were determined by the Brazil test. The maximum fracture strength σr is given by the following equation.
[image: image]
where F is the damage load, and R and B are the diameter and thickness of the sample, respectively.
4.1.1 Failure strength analysis
Figure 6 shows the influence of prefabricated crack angle on the tensile strength of the test piece. It can be seen from the figure that the tensile strength of the two kinds of test pieces is greatly affected by the prefabricated crack angle, and the tensile strength curves are in “M” shape. The tensile strength is significantly affected by the 45° angle specimen. When the crack angle α = 45°, the tensile strength of both test pieces is the minimum; When the crack angle α = 60°, the tensile strength of both test pieces is the maximum. The reason for the large difference in tensile strength is that the existence of prefabricated cracks makes the rock sample produce obvious structural effect. Near the cracks, the bonding force between the rock particles that make up the rock mass is lower than that of the complete rock mass, and the tensile strength of the rock mass will have a large difference under different inclinations. Comparing the failure strength of the two specimens, it can also be found that the failure strength of the specimens containing quartz minerals is far lower than the tensile strength of the specimens without quartz minerals, and the strength of the specimens without quartz minerals changes greatly. The main reason for this difference is that quartz is a typical brittle mineral with high elastic modulus, low Poisson’s ratio and low toughness. Under the effect of fracturing, the internal cohesion of the rock will be broken, and under certain stress, the rock will not undergo obvious deformation and will break directly. Therefore, quartz mineral will greatly affect the failure strength of the test piece. For shale with high quartz content, the more brittle it is, the stronger its fracture making ability is, the easier it is to form a complex fracture network, and the more ideal the volume fracturing effect is.
[image: Figure 6]FIGURE 6 | Effect of prefabricated fissure angle on the peak stress of the specimen.
To sum up, prefabricated cracks and quartz minerals have a significant impact on the failure strength of the component. On the one hand, this effect is manifested in the substantial weakening of quartz on the strength, and on the other hand, it is manifested in the anisotropy of the angle of the prefabricated crack on the strength, that is, the strength of the specimen varies greatly with the angle of the prefabricated crack.
4.1.2 Stress-strain curve analysis
Figure 7 shows the stress-strain curve of the numerical simulation test. It can be seen from the figure that the strength of shale is greatly weakened by prefabricated cracks, and the tensile strength of both specimens is far lower than that of complete specimens. The failure stages of the two specimens are also quite different. For the test piece containing quartz, the failure can be divided into three stages: elastic stage, plastic stage and failure stage. At the beginning of loading, the stress changes linearly with strain, and at this time it is in the elastic stage, only a relatively small number of units rupture and no obvious cracks are produced. To reach the peak stress when the curve begins to flatten out and a microcrack begins to sprout, at which point it is the yielding stage. When the peak stress is reached, the stress falls rapidly, at which time the internal unit ruptures in large numbers and the crack sharply begins to extend and expand until it penetrates the specimen, at which point it is the damage stage.
[image: Figure 7]FIGURE 7 | Numerical simulation test stress-strain curve. (A) Sample containing quartz. (B) Sample without quartz.
For the test piece without quartz, the fracture dip angle α= 60° and 75°, compared with the above conditions, the residual failure stage occurs after the instability failure of the specimen, and the specimen has a certain residual strength, showing a certain plastic characteristics. The main reason is that this model does not separate the main brittle mineral quartz through the threshold value. The mechanical parameters of the remaining shale matrix are mainly the mechanical parameters of clay minerals. The elastic modulus is far lower than quartz, and the Poisson’s ratio is far higher than quartz, which has a certain plasticity. Therefore, when the inclination angle is α= 60° and 75°, the shear stress concentration appears at both ends of the prefabricated crack, the crack does not penetrate the test piece instantaneously, and the test pieces on both sides continue to bear a certain compressive stress.
To sum up, quartz minerals will affect the variation characteristics of the stress-strain curve, and the test pieces containing quartz show good brittleness characteristics. The mechanical action stage includes linear elastic stage (A-B), strain hardening stage (B-C) and failure stage (C-D). In the quartz free specimen, after the 60° and 75° specimens reach the peak stress again, there are post peak softening stage (E-F) and residual strength stage (F-G).
4.2 Fracture characteristics analysis
4.2.1 Crack extension analysis
Figure 8 shows the fracture process of specimens with different fissures dip angles, which clearly shows the progressive fracturing process of disc specimens with different angles of prefabricated fissure. The whole process can be divided into the stage of crack emergence, the stage of crack expansion, and the stage of crack penetration. According to the location of crack sprouting (Deng et al., 2017), classified the cracks into primary and secondary cracks. Among them, primary cracks are sprouted from prefabricated fissures and expand along the loading direction; secondary cracks are sprouted from near the loading point or the edge of the specimen and expand along the direction of the crack tip.
[image: Figure 8]FIGURE 8 | Crack extension pattern of numerical simulation specimen.
When the prefabricated crack dip angle α = 0°–60°, at the early stage of loading, the unit near the tip of the prefabricated fissure starts to break down, and the primary crack sprouting at the tip gradually extends to the loading end, followed by a small number of secondary cracks sprouting near the loading point to intersect with the primary crack or expand in the direction of the crack tip. When the prefabricated crack dip angle α = 75°, in the crack budding stage, a unit rupture began around the prefabricated crack, producing some cracks with a tendency to expand toward the loading point. Subsequently, the main crack sprouts at the non-tip, but near the middle part of the fissure, and the main crack extended to the loading point and stopped loading. When the prefabricated fissure dip angle α = 90°, the location of crack sprouting starts from the middle part of the prefabricated crack. After a period of loading, secondary cracks begin to sprout on the left and right edges of the specimen expanding towards the tip of the crack. Eventually the primary cracks connect to the loading point and the secondary cracks connect to the tip of the prefabricated fissure, and the loading ends when the cracks all penetrate each other. The location of crack initiation around the prefabricated crack is mainly determined by the location of its maximum tensile stress. With the increase of the prefabricated crack angle, the location of the maximum tensile stress gradually shifts from the crack tip to the middle of the crack.
4.2.2 Theoretical analysis of crack initiation
Based on the damage results of the specimens from the numerical simulation and similar simulation tests, the crack dip angle of the prefabricated fissure tip can be measured, and the measured results are shown in Table 2. The cracking angle of the prefabricated fissure tip characterizes the cracking orientation of the prefabricated fissure tip, because the cracking point of the specimens with α = 75° and 90° is not at the prefabricated fissure tip, so it is not valid measurement result.
TABLE 2 | Prefabricated fissure tip starting angle.
[image: Table 2]Based on the peak load Pmax of the test damage, refer to the calculation method of Erarslan and Atkinson (Atkinson et al., 1982; Erarslan 2013), the test data were substituted into Eqs 4, 5 to obtain the type Ⅰ fracture toughness value KⅠ and type Ⅱ fracture toughness value KⅡ for different prefabricated fissure angle specimens, and the calculated results are shown in Table 3.
[image: image]
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Where p is the peak load at the time of specimen damage, a is the half-length of the prefabricated fissure, R is the radius of the Brazilian disc, B is the thickness of the Brazilian disc, Ti, Si, Ai and Bi represent numerical factors. See the literature for specific meanings (Atkinson et al., 1982).
TABLE 3 | Calculation results of fracture toughness values.
[image: Table 3]According to the theory of fracture mechanics, stress concentration occurs at the tip of the crack under external load, and when a limit state is reached, the crack starts to crack and expand, and then a penetration crack is formed and the specimen breaks. The maximum tangential stress criterion (MTS) is one of the most widely used criteria in rock fracture mechanics, which can effectively predict the crack extension characteristics under mixed loading mode (Aliha et al., 2008). In this paper, the MTS criterion is introduced to analyze the fracture mechanism of Brazilian disc specimens containing prefabricated fissure.
According to the Williams (Williams 1957) infinite series expansion, in the I-II mixed loading mode, the tangential stress component at the crack tip can be expressed in the following form if only the action of the singular term is considered:
[image: image]
Where r and θ are the polar coordinate components of the crack tip, and KI and KII are the type I and II fracture toughness values, respectively. According to the MTS criterion, the crack initiation angle θ0 can be determined by the following equation:
[image: image]
Figure 9 shows the comparison between the experimental results of starting cracking angle and the predicted results of the MTS criterion, and it can be seen from the figure that the experimental results are in good agreement with the MTS criterion. The validity of the numerical simulation is illustrated, and it can be seen that the crack initiation angle is controlled by the prefabricated fissure angle, and the starting cracking angle increases with the increase of the prefabricated fissure dip angle. When the prefabricated crack angle reaches near 75°, the crack initiation position deviates from the prefabricated crack tip.
[image: Figure 9]FIGURE 9 | Comparison of the experimental results of starting cracking angle with the predicted results of MTS criterion.
4.3 Acoustic emission characterization
4.3.1 Distribution evolution and failure mode analysis of acoustic emission
When the internal structural units of a brittle material are damaged, acoustic energy is released, so this phenomenon of rapid energy release in a localized area can be called acoustic emission (AE). The acoustic emission characteristics of the Brazilian disc specimen are related to the whole loading process, and the acoustic emission properties can reflect the degree of damage to the structure. The spatial cumulative distribution of acoustic emission points for each specimen at three stress levels (σ/σmax) is shown in Figure 10, corresponding to the ground acoustic emission can be divided into budding, plateauing and surge periods. A ball in the figure represents an acoustic emission event, blue and red circles represent tensile and shear damage, respectively.
[image: Figure 10]FIGURE 10 | Spatial distribution of acoustic emission points at different dip angles and stress levels.
The spatial evolution of acoustic emission can be seen from the diagram: at lower stress levels (10%), a small number of acoustic emission points appear around the fissure due to the concentration of stress around the fissure. Among them, 0° and 45° specimens only have acoustic emission points near the crack tip. As the stress level rises, the damage within the specimen continues to accumulate and acoustic emission points appear with the direction of crack extension. When the peak stress is reached, the number of acoustic emissions skyrockets, and in terms of the density of the spheres, the number of acoustic emissions is highest at 90° and less at 0° and 15°, which is consistent with the number of cracks. From the overall view, the damage modes of α = 0°–45° and 90° are dominated by tensile damage. For α = 60° and 75° specimens, shear damage occurred internally at a stress level of 100%, so the damage mode is a tensile and shear composite damage mode.
The failure modes of Brazilian disc specimens with prefabricated fissure can be divided into four categories: The tensile failure along the central part of the specimen (Type Ⅰ), the tensile failure along the dip direction of the precast crack (Type II), the tensile failure at the precast crack tip (Type III), and the tensile and shear composite failure near the precast crack tip (Type IV). From the above analysis of the damage pattern map and the acoustic emission distribution map. It can be concluded that when α=0°–45°, the damage mode of the numerical model specimen is type III; when α=60° and 75°, the damage mode is type IV; when α=90°, the damage mode is a combination of type I and type II.
4.3.2 Acoustic emission counting analysis
Acoustic emission activity can be realistically simulated in RFPA3D, including acoustic emission counting and cumulative energy release. The cumulative AE damage number reflects the degree of damage, and the cumulative damage number is D. The calculation formula is as follows:
[image: image]
Where s is the number of calculation steps, ni is the number of damaged cells in step i, and N is the total number of cells in the model (Tang et al., 2000).
Figure 11 shows the trend of stress, AE, and cumulative AE with strain for seven groups of different prefabricated angles of fractures. The acoustic emission counting curves during the whole loading process can be divided into two modes: one is peak distribution type, i.e. the specimen shows one or two peaks of acoustic emission counting respectively during the whole loading process; the other is peak and uniform distribution type, i.e. there is still uniform acoustic emission generation after the peak. From Figure 11, it can be seen that the characteristic pattern of acoustic emission counting curves for α = 0°–45° and 90° specimens is peak distribution type. Where α = 0°–45° specimens acoustic emission counts reach a peak and then rapidly drop to 0, indicating that the damage of the specimens is a transient process, showing obvious characteristics of brittle damage. The characteristic pattern of the acoustic emission count curve of the α = 90° specimen is of the double-peak distribution type, as shown in Figure 11. (g) The acoustic emission count exhibits two higher peaks. Combined with the acoustic emission spatial distribution diagram (Figure 10), it can be analyzed that this is due to the fact that while the primary crack of the specimen with α = 90° expands towards the loading point, secondary cracks also sprout from the left and right edges of the specimen towards the tip of the prefabricated fissure. The first AE peak occurs due to the extension of the primary crack and the second AE peak occurs due to the extension of the secondary crack. The characteristic pattern of acoustic emission counting curves for α=60° and 75° specimens is peak and uniform distribution type. Although the acoustic emission count of the specimen has reached the peak, the cumulative acoustic emission number is still increasing, indicating that the crack has not been fully penetrated and the specimen still has a certain residual strength. As loading proceeded, there were still acoustic emission events occurring and the cumulative AE counts were increasing in small amounts.
[image: Figure 11]FIGURE 11 | Trend of stress, AE, and cumulative AE with strain at different α. (A) α = 0°. (B) α = 15°. (C) α = 30°. (D) α = 45°. (E) α = 60°. (F) α = 75°. (G) α = 90°.
In summary, the acoustic emission characteristics of disc specimens containing prefabricated fissure have certain correlation characteristics with the fracture mode of the specimens, and such correlation characteristics are mainly manifested as follows: When the specimen is purely tensile damage, the acoustic emission counting curve of the specimen shows single-peak distribution characteristics (0°–45°); when the specimen shows compound tensile damage, the acoustic emission counting curve of the specimen mainly shows double-peak distribution characteristics (90°); When the specimen exhibits tensile and shear compound damage, the acoustic emission counting curve of the specimen mainly exhibits the characteristics of peak and uniform distribution. This indicates that the more single the damage mode of the specimen and the more obvious the characteristics of tensile damage, the more obvious the characteristics of the peak distribution of the acoustic emission counting curve.
5 CONCLUSION
In this paper, a 3D model of the real fine structure is constructed based on the slice images obtained by CT scan scanning technology combined with RFPA3D software, using shale as the research object. The splitting process of Brazilian disc specimens containing prefabricated fissure was simulated, and the effects of different prefabricated dip angles on the tensile strength, crack extension process, damage mode, and damage evolution process of shale were analyzed. The following conclusions were finally obtained.
1) Identification of shale specimen sections based on CT image scanning and CT image analysis processing techniques, and reconstructed the shale 3D digital specimen reconstruction, and established a shale 3D numerical specimen model. It provides a feasible method for an in-depth study of the fine mechanics mechanism of rocks.
2) Prefabricated fractures and quartz minerals will weaken the tensile strength of shale specimens. The presence of quartz will increase the brittleness of shale. The higher the brittleness, the easier it is to fracture, and the stronger the ability of shale to create fractures. Different fracture inclination angles are affected differently, where the damage strength is the smallest at α=45°, 0.84 MPa, and the largest at α=60°, 1.23 MPa.
3) The crack initiation angle is controlled by the prefabricated crack angle, which increases as the prefabricated crack dip angle increases. The MTS criterion can be used as a basis for judging the crack initiation of prefabricated fissure, and it also verifies the accuracy of the numerical model.
4) The damage modes can be divided into four categories: The tensile failure along the central part of the specimen (Type Ⅰ), the tensile failure along the dip direction of the precast crack (Type Ⅱ), the tensile failure at the precast crack tip (Type Ⅲ), and the tensile and shear composite failure near the precast crack tip (Type Ⅳ).
5) According to the results of acoustic emission characteristics analysis, it can be seen that the more single the damage mode of the specimen, and the more obvious the characteristics of tensile damage, the more obvious the characteristics of the peak distribution of the acoustic emission counting curve. The cumulative AE counts can be divided into budding, plateauing and surge periods.
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