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The impact-induced fragmentation of rock blocks is frequently encountered when the natural hazards (e.g., rockfalls, rockslides, and rock avalanches) occur in mountainous areas. To address the progressive damage and cracking characteristics of rock upon impacting, this paper presents a three-dimensional finite-discrete method (3D-FDEM) study on the complex impact-induced fragmentation process of rock. The influences of the impact velocity on the dynamic fragmentation process, damage evolution, fragment characteristics, fragment flying velocity, and angle were systematically investigated. The parameters as input for simulation were first calibrated by the 3D uniaxial compression tests and rock-impact tests. Then, the complex fragmentation process of rock samples subjected to different impact velocities (i.e., 20–80 m/s) was simulated. The numerical results show that the number of cohesive elements following shear-dominated failures gradually increases with increasing the impact velocity. The fractal method can well describe the distribution of the equivalent fragment length, and the variations of the fractal dimension are consistent with that of the damage ratio, increasing with impact velocity. Both the average and maximum flying velocities of the fragments increase linearly with increasing impact velocity. However, the average flying angle of the fragments shows a sharp increase and then slight increase with increasing the impact velocity.
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1 INTRODUCTION
The impact-induced fragmentation of rock is a common phenomenon in natural hazards, especially in northwest China where rockslides, rockfalls, and rock avalanches frequently occur (Giani et al., 2004; Yao et al., 2015; Bao et al., 2020; Zhou et al., 2020). The motion trajectory of rock blocks can also be greatly affected by the impact-induced fragmentation process (De Blasio and Crosta, 2015; Zhao, 2018). Due to high kinetic energy and undefined motion trajectory of fragmented rock blocks by high-speed impact, which in turn can pose great threats to human life and property, infrastructure, and lifeline facilities (Whitehouse and Griffiths, 1983; Stoopes and Sheridan, 1992; Bunce et al., 1997; Chau et al., 2003a). Nevertheless, high-speed impact-induced fragmentation of rock is a complicated breakage procedure, including fracture mechanics, impact dynamics, and rock mechanics (Chau et al., 2003b; Wang and Tonon, 2011). Consequently, to mitigate the risk of damage induced by high-speed impact-induced flying fragments, it is crucial to study the dynamic fracturing process and fragmentation characteristics.
The dynamic fragmentation mechanism of rock under impact has received numerous attention up to this point (Ruiz-Carulla et al., 2016; Shen et al., 2017; Weng et al., 2019). Laboratory experiments, field tests, numerical simulations, and theoretical studies are the primary research methodologies. Laboratory experiments, as the most direct and reliable method among those research methods, have been widely utilized to reveal the fracturing and fragmentation mechanism. Through laboratory tests on brittle materials (Chau et al., 2000; Wu et al., 2004; Khanal et al., 2008), it was found that the number of fragment grows with increasing the impact energy, whereas the size of fragments progressively reduces. By performing in situ free fall tests, Giacomini et al. (Giacomini et al., 2009) indicated that the impact angle makes a significant contribution to the fragmentation of the foliated rock, and the effect on the impact energy tends to be secondary. Hou et al. (Hou et al., 2015) performed a laboratory study on the breakage features of brittle rocks. It was observed that as the impact energy grows and the size of the hammer reduces, the cumulative frequency distribution curve gradually moves to the left and the frequency distribution curve becomes narrower. To better understand the dynamic fragmentation behaviors of rock under impact, some scholars have further studied the characteristics of impact-induced rock fragment distribution. Li et al. (Li et al., 2018) investigated the dynamic fracture process of granite at the strain rates of 40–150/s and developed a new energy-based fragmentation model to characterize the compaction of the cylindrical rock samples. Additionally, Hogan et al. (Hogan et al., 2012) proposed a three-parameters generalized extreme value distribution to characterize fragment size. By fitting to 448 sets of screened fragment size datum from blast fragmented rock (Sanchidrián et al., 2012), the results indicated that the bi-components distributions exhibit a better fit and Swebrec was by far the best single-component function in all regions, and its errors were comparable to the best bi-components function for the coarse and medium regions.
In recent years, with the rapid growth of computing technology, numerical simulation has been an efficient alternative for investigating the impact-induced fragmentation of rock. The numerical methods can be generally divided into three types, i.e., discontinuous methods, continuous methods, and hybrid methods. In these methodologies, the discrete element method (DEM) is most widely adopted to study rock mechanics problems (Thornton et al., 1999; Mishra and Thornton, 2001; Moreno et al., 2003; Wang, 2009; Du et al., 2020). According to the DEM simulation results, the fragmentation merely occurs locally at the impact zone, and no radial cracks generate (Wang and Tonon, 2011; Zheng et al., 2015). Existing DEM simulation results (Thornton et al., 1999; Moreno et al., 2003; Samimi et al., 2004) have revealed that the normal component of impact velocity is the main component that determines the fragmentation intensity and fragmentation distribution of agglomerates. Based on the 3D DEM simulation results of impact-induced fragmentation of rock spheres, Shen et al. (Shen et al., 2017) found that the damage ratio and fragmentation intensity progressively increased with the increase of the impact loading rate, and the fragment number increased as a power law function with increasing the impact loading rate. In addition, the fracture behavior of the rock can also be influenced by the structural characteristics of the rock (Lin et al., 2019; Zhao et al., 2019; Zhao et al., 2020). Through numerical studies of the dynamic impact fragmentation characteristics of jointed rock blocks, Zhao et al. (Zhao et al., 2018) concluded that the distribution and orientation of the rock block joints are the main factors influencing the size and shape of the large fragment, and the cumulative size distribution of rock fragments agrees well with the Weibull’s distribution function. Nevertheless, although DEM is popular among many scholars in rock mechanics study due to its ability to good fracturing simulation, it is time consuming and needs extensive error-prone calibrations of material parameters from microscopic to macroscopic properties. Among the continuum methods, the numerical erosion technique is extensively applied to model the dynamic damage process of materials (Wang et al., 2013; Zhao and Chen, 2013; Kong et al., 2016). However, it should be noted that the erosion technique lacks a solid physical meaning, and substantial element deletion violates the principle of mass conservation (Hao et al., 2016). Hence, for simulating the dynamic fracture process more realistically, more advanced finite element-based methods have been developed in the framework of the partition of unity (PU) to remove the disadvantages of FEM, which can be extended to dynamic crack propagation problems by employing the suitable level set algorithms and enrichment functions (Wu and Wong, 2012). However, for extreme breaking failure under high-speed load, the selection of the enrichment function and the description of the level set remain certain challenging (Ma et al., 2009; Rabczuk et al., 2009). In addition, the meshless method, which can avoid distortion or coincidence of elements with the crack geometries, has also been used to study dynamic crack propagation (Wu et al., 2014; Aghahosseini et al., 2019). Rabczuk et al. (Rabczuk and Eibl, 2003) used the smooth particle hydrodynamics method (SPH) to model concrete fragmentation under explosive loading. However, this method inevitably encounters difficulties of tensile inability, zero energy modes, and essential boundary conditions (Kala and Husek, 2016). It should be noted that the continuum-based method is difficult to characterize the sticking, slipping, and separation among elements under the continuum-based assumption. For recent years, the combined finite discrete element method (FDEM) has become prevalent and is extensively utilized to model the dynamic fracture and fragmentation process in rock mass (Mahabadi et al., 2010; Zhou et al., 2016). In the FDEM simulations (An et al., 2017; Wu et al., 2019a), treating the material as multiple interactive discrete elements with general shapes and sizes, the main characteristic of the dynamic failure process simulation is the ease of transition from continuum to discontinuum through deformation, fracture, and fragmentation. Next, the cohesive crack model can be precisely represented utilizing the contact algorithm.
In the present work, a coupled 3D-FDEM method was incorporated into the commercial finite element software Abaqus to simulate the complex fragmentation process under different impact velocities. The numerical model and input parameters are first calibrated by 3D uniaxial compression tests and rock-impact tests. The mesh size analysis is conducted to eliminate the mesh size influence on the fragmentation results. Then, the complex fragmentation process of rock samples subjected to different impact velocities (i.e., 20–80 m/s) is simulated. The progressive fracture process, failure pattern, damage evolution, fragmentation, size distribution, and distribution of the fragment flying velocity and angle are investigated. The results of this study can contribute to a deeper insight into the impact-induced fragmentation characteristics of the rock.
2 NUMERICAL SIMULATION METHODOLOGY AND FRAGMENT SEARCH ALGORITHM
In the FDEM numerical model, the rock is composed of numerous irregular tetrahedral elements and six-node zero-thickness cohesive elements embedded on the solid element boundaries. By deleting the failed cohesive elements, the fracture process of rock material is achieved by separating the solid elements. The mechanical behaviors of the cohesive element are featured by the shear behaviors in the tangential direction and the tensile/compression behaviors in the normal direction. In this regard, a mixed-mode bilinear traction-separation constitutive model is used. The basic numerical algorithms and constitutive models of the cohesive element have been elaborated in previous studies (Wu et al., 2019a; Liu et al., 2022). In this study, the mixed-mode bilinear traction-separation constitutive model was used to the response to the cohesive element, and the damage initiation criterion of the cohesive element is defined by the quadratic nominal stress law. Additionally, general contact (ABAQUS EXPLICIT) was utilized to determine the contact behaviors of elements. The labels of the solid elements and the labels of their adjacent cohesive elements are recorded as the input information for the subsequent fragment search program. The irregular tetrahedral solid elements are generally adjoined to four cohesive elements (two or three adjacent cohesive elements for the solid elements located at the numerical model boundary).
To characterize the rock fragmentation, the fragment information of the rock pieces after impacting should be accurately obtained. In a previous study, a fragment search algorithm for a 2D numerical model was developed. However, in the present study, the number of elements used in the 3D numerical model significantly increases, leading to a huge increase in the search time. Therefore, an improved fragment search algorithm is developed to identify the 3D fragments (see Figure 1). Before failure (Figure 1A), all the irregular tetrahedral solid elements (denoted by Si) and the six-node zero-thickness cohesive elements (denoted by Cj) are connected. At first, all the solid elements will be selected to generate a solid element pool (see Figure 1B). Once the cohesive element fails, it will be deleted from the model, and the labels of the cohesive element will also be deleted from the input information. Consequently, the remaining input information only contains the solid element labels and the unfailed cohesive element labels. In this example, C2, C6, and C8 have been removed from the model (see Figure 1C). Then, the search procedure begins with a random element in the solid element pool, such as S4. Subsequently, the cohesive elements adjacent to S4 will be obtained. It can be seen that only three cohesive elements (C3, C4, C5) are still adjoined to S4, and the solid elements S3, S5, and S7 are adjoined to C3, C4, and C5, respectively. Hence, solid elements S1, S3, S5, and S7 will be placed into the temporal fragment pool. The search for cohesive elements adjoined to S3, S5, and S7 will keep on. Since only C7 is still adjoined to S7, solid element S6 adjoined to C7 will be placed in this temporal fragment pool. Since no additional cohesive elements can be detected around S6, this round of fragment search is completed, and fragment two is formed (which includes S1, S3, S5, S7, and S6, see Figure 1D). Finally, the temporal fragment pool will be cleared and corresponding solid elements will also be deleted from the initial solid element pool. The above steps are repeatedly executed until all the solid elements have been searched so that the fragment search procedure is finished and all the corresponding fragments will be generated. Compared to the previous fragment search algorithm (Wu et al., 2019b), the present fragment search algorithm can simultaneously place several solid elements into the temporal fragment pool in one search procedure, which improves the search efficiency. The search times of the two fragment search algorithms for different element quantities are presented in Table 1. It can be found that the present fragment search algorithm can significantly reduce the search time (less than half of the previous) and improve the search efficiency.
[image: Figure 1]FIGURE 1 | Schematic diagram of the fragment search algorithm: (A) the original connection state of elements; (B) generation of solid element pool; (C) search of the solid element by the unremoved cohesive elements; (D) recognition and generation of the fragment.
TABLE 1 | Search times of the two fragment search algorithms for different element numbers.
[image: Table 1]3 CALIBRATION AND VALIDATION
3.1 Parameters identification
Since the micro-mechanical parameters of the numerical model cannot be directly obtained from the laboratory tests, a series of numerical uniaxial compression tests were conducted to acquire similar macro-mechanical properties (i.e., uniaxial compressive strength, Young’s modulus, and Poisson’s ratio). By comparing the numerical results with the experimental results, the appropriate micro-mechanical parameters can finally be determined. For the laboratory uniaxial compression tests, the cylindrical granite sample was mined from Changsha City in Hunan Province, China. The cylindrical granite sample with the size of 50 mm in diameter and 100 mm in height was produced according to International Social for Rock Mechanics (ISRM) suggested methods (Ulusay, 2014). To reduce the discretization of test results caused by the inhomogeneity of the samples, all samples were drilled from the same rock block and samples with similar wave velocity were selected for the tests in this study. The basic mechanical properties of the specimens were first measured before laboratory testing. The density (ρ) is about 2.63 g/cm3 and the P-wave velocity is 4957 m/s. The uniaxial compression tests were performed using the RMT-301 hydraulic servo testing machine. A cylindrical granite sample with the size of 50 mm [image: image] 100 mm is modeled. To maintain the quasi-static loading state, two rigid plates are applied in this model. The upper platen travels downward at a constant loading rate of 0.001 m/s, and the lower one is fixed. For compromising between modeling accuracy and efficiency (the specific mesh size analysis will be studied in Section 3.2), the numerical model consists of 14416 solid elements having a mean grain size of 4 mm and 27194 cohesive elements. After several trial-and-error simulations, the macro-mechanical parameters of the numerical model are obtained (see Table 2), which are in good agreement with the results derived from the laboratory tests. Moreover, based on the calibrated micro-mechanical parameters, the axial stress-strain curve (shown in Figure 2) obtained from numerical simulation can agree well with the experimental result. Furthermore, the fractures shown in the numerical model are similar to the rock sample, indicating that the numerical simulation using the calibrated micro-mechanical parameters in Table 3 can generate a similar macro failure mode as the experiment. It should be noted that the pre-existing cracks are not considered in the simulation, which would lead to a slight difference in the axial stress-strain curves, i.e., the compaction stage of the curve is not shown in the numerical results. In general, the macro-mechanical properties and the fracture behaviors match well, demonstrating that the calibrated micro-mechanical parameters (as shown in Table 3) are recognized as effective and can be used for subsequent numerical simulations.
TABLE 2 | Comparisons of the basic mechanical properties of the granite samples.
[image: Table 2][image: Figure 2]FIGURE 2 | Comparison of numerical result with experimental result for the axial stress-strain curves of the granite sample.
TABLE 3 | Input parameters of the calibrated FDEM model.
[image: Table 3]It is known that the mechanical behaviors of the rock material upon static or quasi-static loading are largely different from those at high strain rates (Gong and Zhao, 2013; Su et al., 2019; Weng et al., 2020). Therefore, to further validate the effectiveness of this method in simulating micro-/macro-mechanical properties of rock material at high strain rates, numerical simulations of rock impact are carried out, and the results are compared with the laboratory data. For comparison, the same impact velocities of 20.0, 25.0 and 30.0 m/s applied in the laboratory tests were adopted in the numerical tests of rock impact. Figure 3 presents the experimental apparatus and the comparisons of fragmentation results of the granite sample under different impact velocities. When the impact velocity is 20.0 m/s and 25.0 m/s, the fragmentation occurs in the location near the impact face, and only several fragments generate. When the impact velocity increases to 30.0 m/s, in addition to several fragments generated in the location near the impact face, the remaining part is directly split into two large fragments parallel to the impact direction. It can be observed that the numerical test results can agree well with the results obtained from laboratory tests (as shown in Figure 3B). These results show that the model can accurately mimic the macro-mechanical behaviors and fragmentation characteristics of rock material using the above calibrated micro-mechanical parameters. In this regard, more rock impact simulations at higher impact velocities were conducted for further analyses.
[image: Figure 3]FIGURE 3 | (A) Laboratory rock impact apparatus; (B) Comparisons of rock (granite) fragmentation results under different impact velocities (the upper face is the impact face).
3.2 Mesh size analysis
Generally, the mesh size can significantly influence the fracture behavior of the numerical model. Previous numerical and analytical results (Munjiza and John, 2002; Turon et al., 2007) have suggested that the element size should be much smaller than the length of the fracture process zone (FPZ) to acquire reliable results for the fracture simulations using the FDEM method. Otherwise, the stress gradient in front of the fracture tip cannot be precisely captured since the quantity of the elements is not sufficiently high to generate accurate calculations in the PFZ. As determined in the previous literature (Guo et al., 2016a), the FPZ length (lFPZ) can be obtained from Westergaard’s and Muskhelishvili’s solutions, namely:
[image: image]
[image: image]
where Gc is the fracture energy, E is Young’s modulus, [image: image] is the tensile strength, and the llower and lupper are the lower and upper values of the FPZ length. In the simulation, the FPZ length is suggested to be in the range:
[image: image]
Substituting the material parameters in Table 2 to Eq. 1–2, the theoretical estimations of the lower and upper values of the FPZ length can be given as llower ≈ 12.7 mm and lupper ≈ 32.3 mm, respectively. Then, the minimal number of cohesive elements used in the discretization of FPZ (Ncohe)can be calculated (Gang et al., 2018):
[image: image]
where lele is the mean element size in mesh generation.
Based on the above analysis, to study the influence of the element size on the rock dynamic fragmentation characteristics, nine models with the same loading condition (with a velocity of 20.0 m/s) and geometry but different mesh sizes are established and then calculated. Figure 4A presents the nine models meshed with different element sizes. Figure 4B exhibits the changes in the maximum impact force and normalized kinetic energy with the number of cohesive elements used in the discretization of PFZ. Table 4 lists the results of the mesh size analysis. It can be seen from Figure 4B that both the maximum impact force and normalized kinetic energy remain constant when the mesh size lele is smaller than 4.5 mm. Also, Guo et al. (Guo et al., 2016b) suggested that at least one-third of the theoretical FPZ length should be selected as the average mesh size (approximately 4.24 mm in this model). Therefore, the mesh size of 4 mm was selected for the subsequent simulations considering the simulation accuracy and computational cost.
[image: Figure 4]FIGURE 4 | (A) Nine models meshed with different element sizes; (B) Variations in the maximum impact force and normalized kinetic energy against the number of cohesive elements (the mesh size of the right of the green vertical dashed line can achieve the simulation accuracy and computational cost).
TABLE 4 | Mesh size analysis of a cylinder model impact onto the rigid wall.
[image: Table 4]4 NUMERICAL SIMULATION RESULTS
4.1 Damage evolutions during the progressive fracture process
Based on the proposed method, as illustrated in Section 2, the progressive fracture process of the rock sample can be intuitively captured. Figure 5 illustrates the progressive fracture process under the impact velocities of 20 m/s, 25 m/s, and 30 m/s. It can be seen that the failure pattern changes significantly as the impact velocity increases. When the impact velocity is 20 m/s, the breakage of the sample mainly occurs near the impact face. As the impact velocity increases to 25 m/s, the failure location of the sample moves away from the impact face, and the fracture surface is almost perpendicular to the impact direction. However, when the impact velocity increases to 30 m/s, the breakage areas of the sample near the impact face are significantly expanded with the generation of a large number of fragments, while the part on the other side is split into two large fragments. The fragmentation comparison between the simulated and experimental results is shown in Section 3.1. The damage ratio is generally applied to evaluate the rock fragmentation intensity (Shen et al., 2017; Ye et al., 2019). The damage ratio is defined as the ratio of the quantity of deleted cohesive elements to the total quantity of the cohesive elements. Figure 6A presents the evolutions of the damage ratio ([image: image]) with time under different impact velocities. It can be seen from Figure 6A that the damage ratio increases sharply at the beginning of the impact and then shows a slow increase trend. One possible reason for this phenomenon is that the higher the kinetic energy of the formed fragments under the high impact velocity, the larger the interaction force of the fragments, for which more and more cohesive elements were deleted. In addition, it can be found that there are fluctuations in the curve segment for the impact velocity greater than 60 m/s. This is mainly due to that as the impact velocity gradually increases, the generated fragments would collide with each other and generate smaller fragments, resulting in fluctuations of the damage ratio curve segment. Figure 6B presents the variation in damage ratio against the impact velocity. It can be found that the damage ratio shows a linear increase trend with the impact velocity. Although the cylindrical model is adopted in this study, the numerical results are generally consistent with the previous results by Thornton et al. (Thornton et al., 1999), Kafui and Thornton (Kafui and Thornton, 2000), and Shen and Zhao et al. (Shen et al., 2017).
[image: Figure 5]FIGURE 5 | The progressive fracture process under different impact velocities (the last picture is the final failure pattern, and the lower face is the impact face).
[image: Figure 6]FIGURE 6 | (A) Evolution of damage ratio ([image: image]) with time under different impacted velocities; (B) Variation in damage ratio with the impact velocity. The numerical results are compared with the previous results of Thornton et al. (Thornton et al., 1999), Kafui and Thornton (Kafui and Thornton, 2000), and Shen and Zhao et al. (Shen et al., 2017).
Since the rock material at different impact velocities exhibits different fracture mechanisms (Gang et al., 2018). The mode mix ratio ψ was defined to quantify the relative proportion of tensile and shear deformation. The value of the mode mix ratio ψ ranges between 0 and 1, where ψ=0–0.5 indicates the failure is dominated by tensile fashion (ψ=0 is pure tensile failure), and ψ=0.5–1 denotes the failure is dominated by shear fashion (ψ=1 is pure shear failure). Figures 7A,B illustrate the probability distribution of the mode mix ratio under different impact velocities. It can be found from Figure 7A that when the impact velocity is 20 m/s, the fragments are mainly induced by the shear-dominated failure. In addition, an obvious shear plane can be found from the laboratory test results (as shown in Figure 3B). As the impact velocity increases to 30 m/s, the number of tensile-dominated failures significantly increases. The numerical results can well demonstrate the fracture mechanism of the rock sample in the laboratory tests (as illustrated in Section 3.1). As the impact velocity continues to increase, the shear-dominated failure gradually plays an increasing role in the dynamic fragmentation process, which will produce more substantial shear cracks and further generate a large number of small fragments. The results can agree well with the previous studies (Ma et al., 2018). Figure 7C shows the ratio of the mode mix ratio of shear-dominated failure to tensile-dominated failure (which can be expressed by Pshear/Ptensile). It can be found that when the impact velocity is greater than 25 m/s, the Pshear/Ptensile gradually increases with increasing the impact velocity. The correlation between the Pshear/Ptensile and the impact velocity (v0) can be expressed as:
[image: image]
[image: Figure 7]FIGURE 7 | (A), (B) The probability distributions of the mode mix ratio under different impact velocities; (C) The ratio of the mode mix ratio of shear-dominated failure to tensile-dominated failure.
It should be noted that when the impact velocity is 25 m/s, the Pshear/Ptensile is approximately one; one possible explanation is that the shear-dominated failure occurs during the compression while the tensile-dominated failure happens during rebound. For the impact velocity=20 m/s, the Pshear/Ptensile is approximately 4. This is because when the impact velocity is 20 m/s, the shear failure occurs close to the impacting face of the cylindrical rock model, while no fragments were generated in the mid-rear part of the rock. This phenomenon can be seen from the experimental (Figure 3B) and numerical (Figure 5) results. During the dynamic fragmentation process, the failure pattern will differ in different regions of the rock sample (Khanal et al., 2004). Hence, the failure patterns of different regions were investigated herein. Figure 8 exhibits the schematic diagram of different regions of the sample. The probability distributions of the mode mix ratio of different regions of the sample under different impact velocities are shown in Figure 9. In the lower region near the impact face, for cases where the impact velocity is larger than 25 m/s, the fraction of shear-dominated failure rises with the increase in the impact velocity, whereas the fraction of tensile-dominated failure is minor and can be negligible. In the middle region, the proportion of shear-dominated failure gradually increases when the impact velocity is higher than 25 m/s. However, the proportion of tensile-dominated failure shows a clear increase. In the upper region on the other side of the sample, the proportion of tensile-dominated failure shows a significant increase compared to the other two regions. Figure 10 presents variations in the ratio of the number of shear failure cohesive element (Nshear) to the number of tensile failure cohesive element (Ntensile) in different regions of rock sample under different impact velocities. It can be observed from Figure 10 that when the impact velocity is smaller than 60 m/s, the fragments in the upper region are mostly generated by the tensile-dominated failure, and the opposite phenomenon will take place when the impact velocity is greater than 60 m/s. Additionally, the increasing trend of the Nshear/Ntensile is stronger the closer to the impact face.
[image: Figure 8]FIGURE 8 | Schematic diagram of different regions of the sample.
[image: Figure 9]FIGURE 9 | Probability distributions of the mode mix ratio of different regions of the sample under different impact velocities. (A) and (B) are the lower region, (C) and (D) are the middle region, and (E) and (F) are the upper region.
[image: Figure 10]FIGURE 10 | Variations in the ratio of the number of shear failure cohesive element (Nshear) to the number of tensile failure cohesive element (Ntensile) in different regions of rock sample under different impact velocities.
4.2 Fragmentation and size distribution
The fragmentation and size distribution under different impact velocities are analyzed in this section. To analyze the distribution of fragment size, the characteristic fragment size can be defined as (Shen et al., 2017)
[image: image]
where the [image: image] is the fragmented volume (the total volume of solid elements in the fragments), and [image: image] is the volume of the whole rock sample. The characteristic size of a single solid element is determined to be 0.03 using Eq. 6. A threshold value is proposed to distinguish the fragmented rock mass into small fragments and large fragments since the fragments may comprise a single solid element or a collection of several solid elements. In this study, the threshold value is assumed to be twice the average characteristic size of a single solid element, i.e., 0.06 (Ye et al., 2019).
Figures 11A, B show the number of fragments under different impact velocities. It can be observed from Figure 11A that the number of small fragments (i.e., d<0.06) increases linearly when the impact velocity is higher than 25 m/s, while it slightly decreases when the impact velocity increases from 20 m/s to 25 m/s. When the impact velocity changes from 20 m/s to 25 m/s, the quantity of the large fragments (i.e., d≥0.06) decreases, which is identical to the change in the number of the small fragments. As the impact velocity increases from 25 m/s to 60 m/s, the number of large fragments gradually increases. However, when the impact velocity is higher than 60 m/s, the number of large fragments reaches the maximum value (approximately 749) at 70 m/s and then slightly decreases. Generally, the large fragments have a higher danger coefficient due to destructive power and large impact force, which can pose a great threat to the infrastructure and the safety of human life and property in mountainous areas. And the fragmentation intensity can be characterized by the sizes of the two largest fragments. Therefore, the sizes of the two largest fragments under different impact velocities were analyzed. Figure 11C presents the variation in the sizes of the two largest fragments (V1st and V2nd) and their sum (V12) versus the impact velocity. It can be seen that for the impact velocity smaller than 25 m/s, both V2nd and V12 increase with the impact velocity. As the impact velocity continues to increase from 25 m/s to 80 m/s, both V2nd and V12 show a decreasing trend. However, the first largest fragment keeps decreasing. Additionally, the decrease trends of V1st, V2nd and V12 can be divided into three stages (as shown by the arrows in Figure 11C), and the decrease trends become slower with the increase of impact velocity. It is worth noting that the damage-fragmentation transition process (Kun and Herrmann, 1999; Timar et al., 2010) can be observed in this study, i.e. the volume of the second largest fragment shows a maximum when the impact velocity reaches the critical value, and fragmentation occurs when the volume of the first largest and second largest fragments become comparable.
[image: Figure 11]FIGURE 11 | Fragmentation characteristics of the sample under different impact velocities; (A) the number of the small fragment; (B) the number of the large fragment; (C) variation in the sizes of the two largest fragments and their sum versus the impact velocity (the oval shaded area shows the mutation point, the green vertical dashed lines and gray arrow show three different variation rate intervals).
The fragment size distribution can reflect the characteristics of the rock fracture mechanism and energy consumption during the fragmentation process. Many scholars have proposed various methods to characterize the fragment size distribution, such as the fractal dimension, Weibull distribution, and three-parameter generalized extreme value distribution. In the present study, the fractal dimension proposed by He et al. (Manchao, 2009) was utilized to characterize the distribution of fragment size. The fractal dimension can reflect the distributions of the apparently chaotic block and measure the irregularity of the apparently chaotic block. Db is defined as the fragment fractal dimension. The number of fragments with equivalent length equal to or greater than Leq can be described as follows:
[image: image]
[image: image]
where N0 is the number of the fragment with the maximum equivalent length Lmax, and Vf is the volume of the fragments. Equation 7 can be converted to a more concise form:
[image: image]
Figure 12 presents the lg (Lmax/Leq)-lgN curves and fractal dimensions of fragmented rock blocks. All curves have high correlations of the fitted straight lines (R2>0.948), which demonstrates that the fractal distribution can describe the fragment size distribution very well. It can be seen from Figure 12B that the fractal dimension (Db) gradually increases with the increase of the impact velocity. Additionally, it can be found from the fitted equation that as the impact velocity gradually increases, the fractal dimension would converge to a certain value (Carmona et al., 2008; Timar et al., 2012), this is because if the impact velocity is large enough, the size of generated fragments will be the mesh size of the solid elements. That is, each solid element is a single small fragment. Since a higher fractal dimension denotes a higher degree of fragmentation, it is again indicated that a higher impact velocity leads to more fragmented rock pieces. This phenomenon is also verified in Figure 11.
[image: Figure 12]FIGURE 12 | lg (Lmax/Leq)-lgN curves (A) and fractal dimensions (B) of fragmented rock block for the impact velocity from 20 to 80 m/s.
4.3 Flying velocity and angle of the fragment
The flying velocity ([image: image]) and angle ([image: image]) of the fragments are the key indicators for the study of dynamic rock fragmentation. The fragment flying velocity and angle are not trivial to measure in field and laboratory tests, whereas FDEM simulation can provide good statistics on all fragment’s motion. The schematic diagram of the method for calculating the fragment flying velocity and angle is shown in Figure 13. The flying velocity and angle of each fragment are analyzed in this section. It is worth noting that the analysis is carried out after the rock sample has been completely fragmented. Figure 14A shows the distribution of fragment flying velocity for different impact velocities. The fragment flying velocity and angle were calculated after all fragments had been generated. The abscissa indicates the velocity interval of the fragment (10 m/s for each interval), and the ordinate indicates the percentage of the fragment number. It can be seen from Figure 14A that the percentage of the fragment number gradually decreases with the increase of flying velocity, and the decrease trends for lower impact velocities (20–40 m/s) are more obvious. In addition, for the impact velocity of 20–40 m/s, the majority of fragments traveled at velocities below 30 m/s. The reason for this phenomenon may be that smaller numbers and larger sizes of fragments were generated under the lower impact velocity, resulting in a lower flying velocity of the fragment. Although the impact velocity continued to increase to 60 m/s, the proportion of the fragment that traveled below 30 m/s was more than 71.1%. As the impact velocity increases to 80 m/s, the proportion of the fragment traveling below 30 m/s remained above 55.6%. Figures 14B, C present the average and maximum flying velocities of fragments under different impact velocities. It can be observed from Figure 14B that the average flying velocity of the fragment increases linearly as the initial impact velocity increases. And the slope of the fitted straight line is much lower than 1, demonstrating that the initial impact velocity is obviously higher than the average flying velocity of the fragment. The maximum flying velocity of the fragment also increases linearly with the initial impact velocity. And the slope of the fitted straight line (larger than 1) indicates that the initial impact velocity is significantly lower than the maximum flying velocity of the fragment. Although the velocity interval (20–80 m/s) in this study is much larger than in previous studies (lower than 15 m/s) (Ye et al., 2019), these results can agree well with their conclusions.
[image: Figure 13]FIGURE 13 | Schematic diagram of fragment flying velocity and angle.
[image: Figure 14]FIGURE 14 | (A) The distribution of fragment flying velocity at different impact velocities; (B) The average flying velocity of the fragment; (C) The maximum flying velocity of the fragment under different impact velocities.
Similarly, Figure 15A presents the distribution of fragment flying angles under different impact velocities. The flying angle is calculated from the angle between the direction of the fragment flying and the direction opposite to the initial impact direction of the sample (as shown in Figure 13). It can be seen that most of the fragments (>75.4%) were launched at small angles (<30°) for the lower impact velocities (20, 30 m/s), which means that the most of fragments generated by impact-induced fragmentation were rebounded. In contrast, with the continuous increase in the impact velocity, the proportion of fragment number flying at angles larger than 60° gradually increased and all exceeded 81.1%, suggesting that few fragments were rebounded. Figure 15B shows the average flying angle of fragments under different impact velocities. It can be seen that as the impact velocity increases from 30 to 40 m/s, the average flying angle has a sharp increase and then only slightly increases (76°–85°) for the impact velocity larger than 40 m/s.
[image: Figure 15]FIGURE 15 | (A) The distribution of fragment flying angle at different impact velocities (different color areas represent different variation intervals, and the black arrows show the decreasing or increasing trends); (B) the average flying angle of fragments under different impact velocities.
5 CONCLUSION
In this study, a coupled 3D-FDEM method was employed to simulate the dynamic impact-induced fragmentation process of rock. An improved fragment search algorithm was developed to analyze the fragmentation characteristics of rock sample. The progressive fracture process, damage evolution, the fragment characteristics as well as the fragment flying characteristics upon different impact velocities were deeply investigated. The main conclusions can be drawn:
1) As the impact velocity gradually increases, the failure location gradually moves away from the impact face, and the curves of damage ratio, which changes with time, become sharper and sharper during the impact process, and when the impact velocity is greater than 30 m/s, the damage ratio still increases slowly after the sharp increase, and more obvious with increasing impact velocity. Additionally, the damage ratio gradually increases with impact velocity.
2) For the impact velocity greater than 25 m/s, the shear-dominated failure gradually plays an increasing role in the fragmentation process. And the failure pattern will differ in different regions of the rock sample. The closer to the impact face, the greater the proportion of shear-dominated failure and the greater the increasing trend of the Pshear/Ptensile.
3) The number of small fragments gradually increases with the impact velocity as the impact velocity is larger than 25 m/s. While the number of large fragments only increases at impact velocities of 25–60 m/s, and reaches the maximum number at 70 m/s and then decreases. Both the size of the second largest fragment and the sum size of the two largest fragments have a maximum value at the impact velocity of 25 m/s and then gradually decrease with increasing impact velocity. At the same time, the size of the largest fragment keeps decreasing. Additionally, the variation in the fragment fractal dimension agrees well with that of the fragment number and fragmentation intensity, indicating that the fragment fractal dimension can reflect the impact-induced fragment size distribution well.
4) The proportion of the fragment number progressively decreases with increasing flying velocity, and the decreasing trend becomes gradually slower with the increase of impact velocity. Both the average and maximum flying velocities of fragments increase linearly with increasing impact velocity, and the former is obviously lower than the initial impact velocity, while the latter is significantly higher than the initial impact velocity. Similarly, the average flying angle gradually increases with the impact velocity, and the increasing trend becomes sharper for the impact velocity from 30 to 40 m/s, while the average flying angle only slightly increases (76°–85°) for the impact velocity higher than 40 m/s.
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Density, p (g/em’)

Young’s modulus, E (GPa)

Poisson’s ratio, v

Tensile strength, ) (MPa)

Shear strength, t0 (MPa)

Mode I fracture energy, Gic (N/mm)
Mode Il fracture energy, Gy, (N/mm)
Initial normal stiffness, k, (MPa/mm)
Initial shear stiffness, k, (MPa/mm)
Friction coefficient, p

2.63
4029
0.25
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455
0.134
0.47
le6
3.4e5
0.3





