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In order to reveal the internal stress distribution and failure characteristics of a pre-existing cylindrical cavity in granite under triaxial cyclic loading, bonded particle models containing a cavity were established to investigate the variation in crack propagation, stress distribution, number of micro-cracks, elastic modulus, and Poisson’s ratio with an increase in cavity diameter. The results show that the cavity diameter has a significant effect on the tensile cracks, compression-shear failure zone, and compressive stress distribution. The peak strength decreases as the diameter of the cavity increases. However, the number of cracks increases and the plastic deformation increases more obviously. With the increase of the cyclic axial stress, the decrease rate of the elastic modulus shows the rule of “first slow, fast later,” and the Poisson’s ratio increases. The distribution of local stress of σ1,σ2, andσ3 explains the behavior of the cracks around the cylindrical cavity well.
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INTRODUCTION

In the process of rock mass excavation and mineral mining (Yang et al., 2017; Wang et al., 2019; Zhang et al., 2019; Zhao et al., 2019b), an excavation damage zone will be formed in the surrounding rock within a certain range of the cave (Salehnia et al., 2015). In order to provide a theoretical basis for the stability and safety of rock masses in engineering contexts, physical experiments and scanning electron microscopy (SEM), Computed Tomography (CT), Acoustic emission (AE), and numerical simulation have been carried out on artificial jointed rock (Zhao et al., 2017b; Peng et al., 2019b; Zhao et al., 2019a) or rock-like materials (Zhao et al., 2016; Lin et al., 2019a).

Several studies have looked at rocks with a prefabricated cavity. According to laboratory experiments and numerical simulations conducted by Fakhimi et al. (2002), Huang et al. (2018), and Zhao et al. (2014), it can be concluded that the failure characteristics and crack propagation are determined by the shape, size, and angle of the prefabricated holes. Zhao et al. (2011) proposed the failure strength model of brittle materials with a pre-existing open hole defect, derived a modified Sammis–Ashby model, which can be used to calculate the peak strength of brittle material, and adopted a progressive elastic damage method, realistic failure process analysis (RFPA), to verify the modified model and simulate the damage process. Teng et al. (2018) used CT scanning to study the mechanical properties and fracture propagation of anchored rock with a hole under uniaxial compression. The results demonstrated that the supporting structure enhances the strength of the specimens greatly. Liu et al. (2015) used the Acoustic Emission (AE) technique and moment tensor (MT) analysis to study the spatiotemporal evolution of micro-cracks and the behavior of the ratios of three-mode cracks of coarse-grained granite samples with circular openings under uniaxial compression. The results showed that shear cracks are dominant, as the ratio is more than 40% of the total number of events, tension cracks are fewer, accounting for more than 30% of the total events, and mixed-mode cracks make up the smallest proportion. Lei et al. (2018) and Tao et al. (2018) used a split Hopkinson pressure bar (SHPB) to perform dynamic compressive tests on plate-shaped marble specimens with a single circular or elliptical cavity. The results showed that the axial tensile crack parallel to the loading direction and the X-shaped shear crack around the hole are the main factors leading to the damage of the samples. When specimens contain elliptical holes, the eccentricity and the angle between the loading direction and the long axes influence the cracking behavior and dynamic strength under impact loading.

In the case of multi-cavity rocks and fracture-hole rocks, Zhang et al. (2018) and Fan et al. (2018) carried out uniaxial compression tests for the numerical modeling of two circular holes with different angles of the center connection line of the holes. The mechanical behavior and acoustic emission (AE) characteristics of the defective rock materials were analyzed comprehensively, and the damage evolution law was studied. Chen et al. (2017) carried out uniaxial compression experiments on sandstone samples containing double fissures and a single circular hole and studied the effects of rock bridge angle and crack angle on the mechanical properties and fracture evolution characteristics. Wang and Tian (2018) established a variety of defective coal-rock specimens containing fractures with different inclinations and holes with different positions using PFC2D software and discussed the characteristics of stress-strain and the crack evolution law of coal-rock with different fracture-holes under uniaxial compression.

The study of rocks with a prefabricated cavity has not been limited to a single direction. Xie et al. (2011) conducted systematic experimental studies of rock specimens with a pre-existing circular opening under uniaxial, biaxial, and triaxial loading conditions and analyzed the failure process of the samples by means of numerical simulation. The results showed that the compressive strength of the specimen increases little under the action of biaxial compression but is greatly improved under triaxial compression. Zhu et al. (2005) employed a numerical code called RFPA (rock failure process analysis) to simulate the progressive fracturing processes around underground excavations under biaxial compression. The simulation results showed that the code cannot only generate a fracturing mode similar to that in previous research results but also predict the fracturing mode under various loading conditions. On this basis, the failure mechanism under different loading conditions was determined. Jia and Zhu (2015) discussed the factors affecting the failure pattern and failure mechanism of zonal disintegration around underground excavations under tri-axial stress and applied the RFPA3D code to study how the zonal disintegration develops under different triaxial stress conditions as well as its failure mechanism.

From the research work in the previous literature, it can be found that the fracture evolution of rocks with a prefabricated cavity under cyclic loading has rarely been reported. Therefore, in this paper, cyclic incremental loading and unloading tests (Zhao et al., 2017a) are carried out to investigate the crack propagation and failure characteristics of granite with a prefabricated cavity.



ESTABLISHMENT AND VERIFICATION OF NUMERICAL MODEL AND MICRO-PARAMETERS


Bonded Particle Model

The synthetic rock mass model was established by PFC software. The macroscopic mechanical behavior of the numerical model is determined by the contact model and the microscopic parameters of the particles. There are two models of bond contact between particles: the contact bond model and the parallel bond model. In the parallel bond model (Mas Ivars et al., 2011), particles are bonded together by a parallel bond that provides normal stiffness [image: image] and shear stiffness [image: image] at the contact point of the particles. The microcosmic diagram of the bonded particle model (BPM) (Potyondy and Cundall, 2004) and the mechanism of parallel bonds under normal and shear loads are shown in Figure 1. When the normal tensile stress or shear stress exceeds its respective parallel bond strength, the bond breaks, the parallel bond spring is removed, interface behavior changes back to the zero-length interface, and then the micro-cracks continue to propagate to form a macroscopic fracture. The bonded particle model (BPM) makes the inter-particle force transfer and micro-crack propagation more reasonable. Therefore, the bonded particle model shows good performance for the crack propagation and mechanical behavior of brittle rock materials.


[image: image]

FIGURE 1. Schematic representation of the BPM and the mechanisms of parallel bonds.




Numerical Model

In the present study, particle flow code (PFC3D) was used to conduct numerical simulation research on the granite with a cavity model under triaxial cyclic loading. A BPM model with a geometric size of 200 × 100 × 100 mm (height × length × width) was established, and a through-cavity with a diameter of 20, 30, or 40 mm was generated in the center of the model, as shown in Figure 2. The serial numbers of the specimens were set as listed in Table 1. Particle size is mainly determined by minimum particle size (Rmin) and particle size ratio (Rmax/Rmin). It is necessary to consider the effect of particle size distribution (Ding et al., 2014; Lin et al., 2019b). On the premise of reasonably reflecting the sizes in granites and in order to improve the efficiency of the numerical calculation, a total of 46940 particles with particle sizes ranging from 1.5 to 2.49 mm were generated in the specimen. Displacement loading was used as the loading method, and the loading rate was set to 0.1 m/s. It should be noted that there are essentially different loading rates between PFC and laboratory tests, which are converted by a time-stepping algorithm.


[image: image]

FIGURE 2. Sample model containing a single circular cavity (unit: mm).



TABLE 1. Serial numbers of the specimens.

[image: Table 1]


Micro-Parameter Calibration

According to the laboratory test results for lac du Bonnet granite with a cavity under uniaxial compression presented by Carter et al. (1991), a set of suitable micro-parameter values (Table 2) was determined by “trial and error” calibration. The macroscopic mechanical properties of the numerical model established by this set of micro-parameters should be similar to those indicated by the laboratory test. In order to verify the correctness of the micro-parameters of the numerical model, a uniaxial compression test and tensile test were carried out on the numerical model of an intact sample (size of 200 × 200 × 60 mm). As listed in Table 3, the macroscopic mechanical properties of the numerical model of intact samples, UCS, Elastic modulus, and Poisson’s ratio, are in good agreement with the laboratory experimental results of Carter et al. (1991). The deviation degrees are 0.88, 2.10, and 1.2%, respectively. Although the deviation degree of tensile strength is 9.3%, it is still less than 10%, and the deviation is within a reasonable range. In order to further verify the reliability of the micro-parameters, Figure 3 shows the crack propagation during the failure process of a pre-existing cylindrical cavity in granite. The simulated crack propagation is basically analogous to the experimental results.


TABLE 2. Microscopic parameters of the simulated numerical model.

[image: Table 2]
TABLE 3. Comparison of macro-properties determined by numerical simulation and laboratory experiment.
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FIGURE 3. Failure modes of a specimen with a circular hole obtained through simulation and experiment. (A) Numerical result. (B) Experimental result. Adapted from Carter BJ, Lajtai EZ, Petukhov A. Primary and remote fracture around underground cavities. International Journal for Numerical & Analytical Methods in Geomechanics. 1991;15(1): 21–40 (Carter et al., 1991) with permission from the RightsLink automated permissions service.




RESULTS AND DISCUSSION


Microscopic Analysis of Crack Propagation

To determine the effect of cavity diameter on the number of micro-cracks and mechanical properties under triaxial cyclic loading, the axial load was specified as a triangular wave cyclic compressive load. The loading path employed is illustrated in Figure 4. Firstly, a confining pressure of 5 MPa was applied to the rock sample, and the upper limit of the initial axial stress was 30 MPa. After unloading to the stress lower limit of 20 MPa, the rock specimen was reloaded to a maximum axial stress of 10 MPa greater than the upper level until the peak strength was reached, then loaded until the axial stress dropped to 70% of the specimen’s peak strength. The test was then stopped. It should be noted that the stress lower limit of a cyclic load has a certain impact on the mechanical properties of rocks (Peng et al., 2019a). The stress lower limit is set to approximately 10% of the peak compressive strength.


[image: image]

FIGURE 4. Stress path: triaxial cyclic loading and unloading under increased upper limit stress.


The fracture mode, force chain distribution, and displacement vector of SCS-30 at different cycle numbers are presented in Figure 5. It can be seen from the fracture mode diagram that during the sixth cycle, damage is first generated around the cavity, and, as the damage continues to accumulate, macroscopic cracks are gradually generated. Cracks form at the top and bottom of the cavity that are parallel to the maximum principal stress and develop along the upper and lower ends. The crack initiation direction on the left and right sides of the cavity is approximately perpendicular to the boundary of the cavity. However, with an increase in cycle number, the cracks gradually turn to the direction approximately parallel to the axial stress and extend to either side of the specimen. Finally, a macroscopic failure zone inclined to the XY plane is formed, which is characterized by compression-shear damage.


[image: image]

FIGURE 5. Fracture mode, force chain distribution, and displacement vector of SCS-30 with different cycle numbers.


From the force chain distribution diagram (blue represents compressive stress, green represents tensile stress), it can be seen that in the first several cycles, a pressure stress concentration is formed on the left and right sides of the cavity. As the number of cycles increases, the pressure stress concentration is more obvious, and a tensile stress zone is formed at the top and bottom of the cavity, which is particularly evident in the ninth cycle. At the same time, it can be observed from the displacement vector diagram that the particles at the top and bottom of the cavity move to the left and right sides, respectively, which indicates that the cracks at the top and bottom of the cavity are caused by tensile stress. In the displacement vector diagram of the eighth and ninth cycle, since the displacement of the particles on the left and right sides of the cavity is smaller than the displacement of the top and bottom of the cavity, an “X”-shaped shear failure zone is formed around the cavity. However, due to the limitation imposed by the confining pressure and the heterogeneity of rock, the characteristics of crack propagation in the sample change to localization. The cracks extend along the upper left and lower right of the cavity. Eventually, a compression-shear fracture forms.

According to Kirsch’s formula on the theory of elasticity, it can be seen that:
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where σr is radial stress, σθ is tangential stress, τrθ is shear stress, an p and q are, respectively, the axial stress and horizontal stress of specimens. On the top and bottom of the cavity, ra = r, θ = 90°; in this case, σθ = 3q−p, σr = τrθ = 0, and tensile stress is generated. On the left and right sides of the cavity,ra = r, θ = 0°; in this case, σθ = 3p−q, σr = τrθ = 0, and compressive stress concentration is generated. It can be seen that the mesoscopic characteristics of granite with a pre-existing cylindrical cavity under triaxial cyclic load are consistent with the theoretical results of elastic mechanics.

The crack propagation, force chain distribution, and displacement vector diagram of SCS-20, SCS30, and SCS-40 at the peak of axial stress under triaxial cyclic load are presented in Figure 6. From the crack propagation diagram, it can be seen that tensile cracks parallel to the maximum principal stress will be generated on both sides of the rock specimens. The larger the cavity diameter is, the longer the length of the tensile crack will be. Meantime, the angle between the compression-shear failure zone formed on the left and right sides of the cavity and the direction of the maximum principal stress increases with an increase in the cavity diameter. By comparing the displacement vector diagram, it can be observed that the horizontal displacement of particles on the left and right sides of the cavity also increases with an increase in the cavity diameter. This is because the larger the cavity diameter of the specimen is, the thinner the rock on the left and right sides of the sample will be. Therefore, it is easy for the loading to cause the rock particles on either side of the cavity to be displaced. By comparing the force chain distribution diagrams, it can be seen that the area of the force chain of weak compressive stress on the top and bottom of the cavity increases with the increase in the cavity diameter, and the larger the cavity diameter is, the more significantly compressive stress concentrates in the left and right cavities.


[image: image]

FIGURE 6. Crack propagation, force chain distribution, and displacement vector diagrams of SCS-20, SCS30, and SCS-40 at the peak of axial stress under triaxial cyclic load.




Number of Micro-Cracks and Mechanical Properties

The mechanical parameters extracted from the stress-strain curve can be a good reflection of the mechanical properties, and the damage mechanism (Zhao et al., 2018) of rock can be studied through the evolution law of micro-cracks. The influence of axial stress on the axial strain, horizontal strain, volume strain, and micro-crack number of SCS-30 under triaxial cyclic loading are shown in Figure 7A. Due to the action of cyclic load, the rock constantly generates damage accumulation. With the increase of cyclic levels, the hysteresis loop of the axial stress-strain curve constantly moves forward, which indicates that the plastic deformation of the rock also increases, and the distribution of hysteretic loops becomes sparse through compaction. When cyclic axial stress is close to the axial stress peak, horizontal strain suddenly increases. This is because the damage accumulation of the specimens reaches a peak with the increase in the cyclic axial stress, and local damage begins to occur. As the stress increases further, more and more micro-cracks occur, and the specimen continues dilating (Zhao et al., 2017; Lin et al., 2019c). It can be seen from the micro-crack number curve that the number of cracks grows slowly in the early stage of the cycle and increases as the cycle progresses. The “non-memory” phenomenon exhibited by the crack number curve is enhanced. This phenomenon is most obvious at the last cycle level, before reloading to the maximum axial stress of the previous cycle, when the crack number has increased significantly. Figure 7B depicts the variation in the number of micro-cracks and peak strength with cycle number to compare the SCS-20, SCS-30, and SCS-40 specimens. It can be seen that the axial stress peak of the specimens under the triaxial cyclic load decreases significantly with an increase in the cavity diameter. The number of micro-cracks in the three specimens has the same growth trend throughout the triaxial cyclic loading process. At the beginning of cyclic loading, micro-cracks are barely formed, which is called the quiet stage. Then, the number of micro-cracks begins to increase slowly, and this stage is called the initial increase stage. When the upper limit stress of cyclic loading approaches its peak, the number of micro-cracks begins to increase sharply, and this stage is called the rapid increase stage. The number of micro-cracks varies with the diameter of the cavity. The larger the cavity diameter of the specimen is, the shorter the quiet stage will be, and the rapid increase stage will be reached at a lower cycle number. For example, at the sixth cycle, the number of micro-cracks in SCS-40 has increased significantly, while the numbers in SCS-20 and SCS-30 are still in the initial increase stage, which indicates that local damage begins to occur in SCS-40, and crack number also rises sharply at this stage. At this time, the rock specimen is almost destroyed.


[image: image]

FIGURE 7. (A) Influence of axial stress on the axial strain, horizontal strain, volume strain, and crack number of specimen SCS-30 under triaxial cyclic loading. (B) Numbers of micro-cracks with the number of cycles and peak strength.


As shown in Figure 8, with the increase in cavity diameter, the average elastic modulus decreases significantly. This is because an increase in cavity diameter promotes the horizontal deformation of the rock. During the whole process of cyclic loading and unloading, the average elastic modulus decreases with an increase in cycle number. The decrease rate of the average elastic modulus shows the characteristics of “slow first and fast later,” and this characteristic becomes more obvious in the cavity with a larger diameter. The Poisson’s ratio of granite increases with the increase in the cycle number, and the larger the cavity diameter is, the greater the increase will be. With the increase in cyclic level, local failure occurs inside the rock specimen, internal cracks develop continuously, and the stress concentration on either side of the cavity is strengthened. Therefore, the growth rate of horizontal strain is higher than that of axial strain. From the displacement vector diagram in Figure 6, it also can be seen that the horizontal displacement of particles on the left and right sides of the cavity increases with the increase of cavity diameter, so the increase in Poisson’s ratio is also greater.


[image: image]

FIGURE 8. Influence of cycle number on the average elastic modulus (black) and Poisson’s ratio (red) in SCS-20, SCS-30, and SCS-40.




Principal Stress Distribution Around a Circular Cavity

Recording the local stress distribution data around the cavity can further reflect the influence of cyclic loading on the cavity specimen. Therefore, the method of measuring a sphere is adopted to measure the local stress of the cavity. As shown in Figure 9, eight measurement spheres with different directions and symmetry about the center of the cavity were generated on the XZ plane (Y = 0). In order to verify that the results of this group of measurement spheres were representative, three groups of measurement spheres around the cavity at different positions on the Y-axis (Y = −40, 0, 40 mm) were set to compare and monitor stress. The results showed that the stress measurement results of each group were basically the same, so the group of measurement spheres with Y = 0 was used for monitoring. The size of the measurement sphere also needs to be taken into account. If the measurement sphere is too large or too small, the measured data may not truly reflect the stress field. By analysis (Itasca-Consulting-Group, 2014; Liu et al., 2016), a measurement sphere with a diameter of 7 mm is adopted.


[image: image]

FIGURE 9. Arrangement of measurement spheres (measurement spheres around a circular opening).


The measurement sphere is used to monitor the maximum principal stress (σ1), intermediate principal stress (σ2), and minimum principal stress (σ3) around the cavity under triaxial cyclic loading. The state of the stress field around the cavity can be obtained by extracting the monitoring results of each measurement sphere. Figure 10A shows the stress field of σ1, σ2, and σ3 in SCS-20 at different cycle numbers. The shape of the stress fields of σ1, σ2, and σ3 are similar. The σ1 value of the measurement spheres in all directions around the cavity increases with the number of cycles, and the closer the measurement sphere is to the left and right boundary of the specimen, the larger σ1 is. This is consistent with the phenomenon of compressive stress concentration in Figure 5. The upper limit stress of the cyclic load in each stage is greater than the σ1 values of the upper and lower parts of the cavity, but far less than the σ1 values of the left and right sides of the cavity. The σ1 values of the left and right sides are about five times those of the top and bottom parts of the cavity. In the initial several cycles, σ2 on the upper and lower sides of the cavity appears as compressive stress (σ2 is positive). As the number of cycles increases, it appears as tensile stress (σ2 is negative). This is because at the beginning of the test, σ2 appears as compressive stress under the suppression of confining pressure, but as the upper limit stress increases, the suppressing effect of confining pressure is canceled out, and σ2 at the upper and lower parts of the cavity appears as tensile stress. This verifies that there is no crack in the upper and lower portions of the cavity in the initial stage of the cyclic loading, and a long macroscopic crack is generated after the sixth cycle. Moreover, σ3 also exhibits a similar law to σ2 during the entire cyclic loading process. When the cyclic upper stress approaches the peak strength, the trend of the stress field of σ1, σ2, and σ3 is almost the same. The difference in σ1 between two neighboring measuring spheres is much larger than that in σ2 and σ3.


[image: image]

FIGURE 10. σ1, σ2, and σ3 stress fields of (A) SCS-20, (B) SCS-30, and (C) SCS-40 at different cycle numbers (Unit: MPa).


Comparing Figures 10A–C, the stress distributions surrounding the cavity of SCS-20 are approximately the same as those of SCS-30 and SCS-40. Under the same number of cycles, the σ1 values on the left and right sides of the cavity increase with the increase in cavity diameter. However, the change in the cavity diameter has little effect on the σ1 values of the upper and lower sides of the cavity. During the experiment with three samples, σ2 changes from compressive stress to tensile stress, and the larger the cavity diameter is, the lower the number of cycles required for σ2 to become negative. For example, at the seventh cycle, the σ2 value in the top and bottom of the cavity of SCS-40 is −8 MPa, while it is positive in sample SCS-20. The increasing trend of σ2 increases as the cavity diameter increases. The σ3 values of the left and right sides of the cavity increase more sharply with the increase in the cavity diameter, while the σ3 values of the upper and lower sides of the cavity are not affected.



CONCLUSION

(1) Under triaxial cyclic load, tensile cracks appear at the top and bottom of the cavity and parallel to the direction of maximum principal stress. Shear cracks appear on both sides of the cavity with an increase in cyclic level. An “X”-shaped shear failure zone forms around the cavity, which is consistent with the theoretical results of Kirsch’s formula in elastic mechanics.

(2) The effects of cavity diameter on tensile cracks and the compression-shear failure zone were studied, and the changes in particle displacement and compressive stress concentration on the two sides of the cavity as the cavity diameter increased were analyzed.

(3) The effects of cavity diameter on peak strength and number of micro-cracks under triaxial cyclic loading were analyzed. The changes in elastic modulus and Poisson’s ratio at different cavity diameters and different cycle stages were discussed in numerical ways.

(4) The stress field surrounding the cavity was further analyzed by the method of a measuring sphere, and the stress fields of σ1, σ2, and σ3 under different apertures were analyzed and compared.
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