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To study the fatigue failure of an intermittent jointed rock mass under repeated stress waves, numerical models of jointed rock masses with different joint angles were created using Autodyne software, and crack propagation behavior was simulated using the Drucker–Prager strength model and cumulative damage failure criteria. In this numerical simulation, the influence of stress wave amplitude and the mode of disturbance on fatigue failure of the rock mass were analyzed. The simulation results showed a significant difference between the failure process of jointed rock masses subjected to repeated stress waves and those exposed to a single stress wave, including crack initiation locations, propagation paths, and rock mass failure patterns. With increasing angles of inclination, the fatigue life of the rock mass first decreased and then increased under repeated stress waves. As the joint inclination angle, β, increased from 20° to 50°, it had a significant influence on the fatigue life of the rock mass, which decreased rapidly with increases in β. The variation in the disturbance form (the change in amplitude of the stress waves from small to large, or from large to small) did not affect the final macro failure pattern of the rock mass; but the extent of damage to the rock mass was affected.
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1 INTRODUCTION
Different sizes of fractures, joints, beddings, and other discontinuous surfaces exist universally in natural rock masses. These discontinuous surfaces influence the mechanical properties and control the stability of a rock mass. Many geotechnical engineering tests demonstrated that the propagation and connection of joint fissures in a rock mass under an external load resulted in the instability and failure of geotechnical engineering (Tang et al., 2022). Many scholars have discussed the initiation, propagation, and evolution of cracks into macro-cracks through physical tests (Lin et al., 2000; Sagong and Bobet, 2002; Prudencio and van Sint Jan, 2007; Yang et al., 2019; Haeri et al., 2020; Wang M et al., 2020) and numerical modeling (Vergara et al., 2016; Wang and Tian, 2018; Wang X et al., 2020; Li et al., 2022; Yuan et al., 2022; Zou et al., 2022). Using physical tests, Lin et al. (2000) determined the influences of joint distribution, joint length, and rock bridge length in a jointed rock mass on connection modes, failure modes, and peak strength. They found that the number of joints, joint length, rock bridge length, and side pressure could significantly influence the connection modes, failure modes, and peak strength of a jointed rock mass. Sagong and Bobet (2002) conducted a comparative study on the connection modes of multi-fracture rock mass specimens and double-fracture rock mass specimens under uniaxial compression conditions. They discovered that the failure mode of a multi-fracture rock mass was similar to that of a double-fracture rock mass and identified nine double-fracture connection modes. Prudencio and Van Sint Jan (2007) carried out a biaxial compression test on discontinuous joint specimens formulated with cement mortar and summarized four failure modes of discontinuous jointed rock masses, namely, plane failure, block rotational failure, stepwise failure, and mixed failure. Haeri et al. (2020) conducted uniaxial compression tests to investigate the effect of joint number and angle on both compression behavior and joint tensile strength.
Recently, numerical software, such as UDEC (Pan et al., 2021; Li et al., 2022), PFC (Wang X et al., 2020; Yuan et al., 2022), and Autodyn (Li and Wong 2014; Zhao et al., 2020; Zou et al., 2022), were extensively compared as methods to simulate the crack propagation process. Compared with physical tests, numerical simulations can more easily obtain the mechanical information of crack initiation and propagation. For example, Li and Wong (2014) found 11 connection modes of double-fracture rock masses under uniaxial loading by using the nonlinear dynamic software, Autodyn. These connection modes were divided into tensile, shear, and mixed tensile-shear connection modes according to the mechanism of crack formation. Studies by Zhao et al. (2020) and Zou et al. (2022) also demonstrated that the combined use of the Drucker–Prager (DP) strength model and cumulative damage (CD) failure criteria could describe the macroscopic inelastic behavior of geotechnical materials and the evolution of CD-induced macro-cracks. It is worth noting that most existing research focused on the failure behavior of a jointed rock mass under static loading or single-impact loading.
As the literature shows, drilling and blasting are still the main methods of tunnel excavation (Pan et al., 2022). However, the cyclical footage of 3–5 m is often used during tunneling, indicating that the surrounding rocks within this range were also disturbed by multiple blasting excavations (Ji et al., 2021a, b). Although a single disturbance is insufficient to cause the instability of a rock mass, multiple disturbances can cause progressive failure of discontinuous jointed rock masses through the cumulative effects of repeated damage. These disturbances can lower bearing capacity and stability, thereby accelerating failure. Therefore, studying the fatigue failure process of discontinuous jointed rock masses under the action of repeated stress waves has practical significance for the long-term qualitative analysis of rock mass engineering. Based on this information, the fatigue failure process of a discontinuous jointed rock mass with different incidence angles under the action of repeated stress waves was investigated by using the DPCD model and Autodyn, and compared with that occurring under single impact loading. The influence of stress wave amplitudes and disturbance mode on the fatigue failure process of a discontinuous jointed rock mass was discussed.
2 NUMERICAL METHODOLOGY AND VERIFICATION
2.1 Rock material model
The material model in Autodyn is mainly composed of state equation, strength model, and failure criteria.
The state equation belongs to a problem of small deformation dynamics because the stress wave amplitude in the simulation is small. Therefore, the state equation of the jointed rock mass can be described by the linear state equation (Zhao et al., 2020):
[image: image]
where p is the pressure, k is the bulk modulus, [image: image] is the current density of materials, and [image: image] is the density of materials at the initial moment. The parameters of the state equation of rock mass involved in the simulation (Li and Wong 2014) include initial density [image: image] = 2.44 g/cm3 and bulk modulus k =27 GPa.
A piecewise linear DP strength model was selected as the rock strength model (Li and Wong 2014). This model is applicable to granular materials, such as soils, rocks, and concretes and can accurately describe the cracking phenomena of materials. By defining the pressure–yield strength points, it was shown that the yield strength increased with hydrostatic pressure after giving consideration to compression (Figure 1). Using a scanning electron microscope, Wong and Einstein (2009a) observed that macro-cracks produced in marble under compression conditions were formed by the initiation, propagation, and connection of micro-cracks. Therefore, the initiation of macro-cracks is a cumulative process rather than the result of a single unexpected event. Thus, the CD failure criteria were chosen as the failure criteria in the numerical simulation. CD failure criteria pertain to the reduction in strength during the progressive failure process of materials by defining the damage factor, D, which is related to the deformation of materials. Its value is zero when the effective plastic strain (EPS) is smaller than a certain value (EPS1). When EPS is higher than EPS1, D increases linearly with the strains to a maximum Dmax (<1). At this moment, a corresponding effective plastic strain (EPS2) exists (Figure 2). D is expressed as (Li and Wong 2012)
[image: image]
[image: Figure 1]FIGURE 1 | Piecewise linear Drucker–Prager strength criteria (Li and Wong, 2014).
[image: Figure 2]FIGURE 2 | CD-plastic effective strain curve (Li and Wong, 2012).
After applying the calculation, the current value of D was used to modify the bulk modulus (k), shear modulus (G), and yield strength (Y) of materials. According to Li and Wong (2012), materials still retain some residual strength in the compression process when they reach maximum damage, but they have no residual strength in the tensile process. Hence, the reduction in Y involves two conditions. When the hydrostatic pressure is positive,
[image: image]
When the hydrostatic pressure is negative,
[image: image]
The bulk modulus and shear modulus are not influenced by compression. However, under tensile stress, the bulk modulus and shear modulus decrease to zero at the rate of [image: image] when D decreases to Dmax. (Figure 3). The CD failure criteria parameters involved in the simulation were EPS1 = 10–4, EPS2 = 10–3, and Dmax = 0.6 (Li and Wong 2014).
[image: Figure 3]FIGURE 3 | Damage curve of volume modulus and shear modulus.
2.2 Model validity verification
The feasibility of the numerical simulation was verified according to the compression test results of uniaxial jointed rock masses (Wong and Einstein 2009b). The 150 mm × 75 mm two-dimensional plane model was applied in the numerical simulation, and the calculation model is shown in Figure 4. The model contains two parallel open joints. The lengths of the joints and the rock bridge were 2a = 12.7 mm and L = 12.7 mm, respectively. The angles between the rock bridge and the joint were α = 30° and β = 90°, respectively. During the simulation, loads were applied at the top and bottom of the specimens. The loading rate was controlled at 12.5 MPa/ms.
[image: Figure 4]FIGURE 4 | Schematic representation of the calculation model.
The numerical simulation results of the joint connection are shown in Figures 5A–C. The initiation points, propagation paths, and connection modes of cracks were easily observed, and the simulation results agreed well with the crack connection modes (Figure 5D), which are summarized according to test results by Wong and Einstein (2009b). On this basis, the DPCD model is feasible in simulating the failure process of a jointed rock mass.
[image: Figure 5]FIGURE 5 | Comparison between numerical simulation and experimental results.
3 NUMERICAL ANALYSIS OF THE JOINTED ROCK MASS FAILURE PROCESS
3.1 Numerical model
The failure process of a discontinuous jointed rock mass under different incidence angles was studied using the 150 mm × 75 mm two-dimensional plane model. Loads were applied at the top of the model and a fixed constraint was applied at the bottom. The geometrical parameters of the joint mainly included joint length (2a), length of rock bridge (L), angle of steps (γ), angle of joint (β), and joint spacing (d). The definitions of these parameters are shown in Figure 6. The joint geometric parameters involved in this model are listed in Table 1, and the joint geometry layout is shown in Figure 7.
[image: Figure 6]FIGURE 6 | Schematic of joint geometrical parameters.
TABLE 1 | Parameters for joint layout.
[image: Table 1][image: Figure 7]FIGURE 7 | Joint geometry layout of the numerical model.
3.2 Mode of action of repeated stress waves
The action of repeated stress waves is different from ordinary cyclic loading. The dynamic stress field generated by the action of repeated stress waves is a pulsating stress field rather than an alternating stress field (Shao, 2005). During simulation, the time interval between two adjacent stress waves was set at t0 to prevent the influence of previous stress waves on the rock mass responses on follow-up. Hence, the action of repeated stress waves was simplified to repeated impact loading in Figure 8.
[image: Figure 8]FIGURE 8 | Mode of action of repeated stress waves.
3.3 Numerical simulation results and analysis
3.3.1 Action of a single stress wave
The amplitude, the pressure rising time, and the action time under the influence of a single stress wave were set to 5 MPa, and tr = 100 μs, and tm = 200 μs, respectively. The failure processes of discontinuous jointed rock masses with different incidence angles under single stress wave are shown in Table 2. Clearly, the initiation positions of the cracks in the joints were controlled by the incidence angle, β. When β was <70°, the cracks began at the two ends of the joint. When β reached 70°, the cracks were initiated at points far away from the joint. The initiation positions of cracks on the upper and lower surfaces of the same joint were gradually approaching with the increase in the incidence angle of joints.
TABLE 2 | Failure processes of jointed rock masses under single impact loading.
[image: Table 2]As the loading process continued, wing cracks continued to propagate (except at β = 90°), and the propagation paths of cracks were influenced by adjacent joints. When β = 20°, wing cracks propagated along the initiation direction continuously, but none was deflected toward the direction of major principal stress. This finding indicated that the influences of adjacent joints on wing cracks were weakened with the increase in the incidence angle of the joints. When β = 90°, the wing cracks produced secondary coplanar cracks rather than propagating continuously and were connected to adjacent collinear joints, ultimately causing plane failure. Plane failure refers to a failure mode wherein wing cracks began at joint ends, propagated under external loads, and connected with adjacent collinear joints. The failure surface presented a plane or approximate plane. Failure modes A–G were manifested as block rotational failures. Block rotational failure refers to a failure mode wherein wing cracks initiate at joint ends or surfaces, propagate under external loads, and connect with adjacent non-collinear joints to cut rock mass into numerous blocks that allow shear sliding or rotational displacement under external load.
3.3.2 Action of repeated stress waves
The amplitude, the pressure rising time, the action time, and the time interval under the action of repeated stress waves were set to 1 MPa, tr = 100 μs, tm = 200 μs, and t0 = 2,800 μs, respectively. The failure processes of discontinuous jointed rock masses with different incidence angles under the action of repeated stress waves are shown in Figure 9. Cracks all initiated at the two ends of the joints under the action of repeated stress waves and changed with the variations of β. Moreover, the initiated cracks easily propagated toward the original initiation direction. The failure modes of the jointed rock mass with incidence angles other than β = 20°, 30°, and 90° all changed compared with those under the action of a single stress wave. Plane and step failures were the predominant modes under the action of repeated stress waves. Step failures resulted from connections between wing cracks and adjacent nonlinear joints in a stepwise distribution. In contrast, the block rotational failure was the major failure mode under the action of a single stress wave. The fatigue failure processes of a jointed rock mass under repeated stress waves, including initiation positions of cracks, propagation paths of cracks, and failure modes of rock mass, were significantly different from those resulting from a single stress wave. This result is related to the angle of incidence of the joints.
[image: Figure 9]FIGURE 9 | Failure process of a jointed rock mass under repeated impact loading.
The curve showing the relationship between the fatigue life of a discontinuous jointed rock mass (loading times, N, and incidence angle of joints, β) is shown in Figure 10. The fatigue life of a jointed rock mass presented a V-shaped variation trend with increasing incidence angle. When β was between 20° and 50°, the fatigue life of the rock mass was significantly influenced by the incidence angle of the joint and was significantly decreased with the increase of β. When β was between 50° and 90°, the fatigue life of the rock mass increased continuously with the incidence angle. When β was between 60° and 80°, the fatigue life of the rock mass was relatively stable and only slightly influenced by β.
[image: Figure 10]FIGURE 10 | Loading times of a jointed rock mass with different stress wave incidence angles.
3.3.3 Effects of stress wave amplitude
According to previous studies, a stress threshold exists for the fatigue failure of a rock mass. Under conditions of cyclic impacts, each stress event would intensify the internal damage to the rock mass only when its loading strength reached 80%–90% of static peak strength (Li et al., 2005). Thus, load amplitudes have important influences on the fatigue life of the rock mass. However, the mechanism of how loading amplitude affects the fatigue failure mode of a rock mass is still unclear and requires further investigation. In this study, a model with β = 50° was selected as the research subject to investigate the effects of repeated stress waves of different amplitude on the fatigue failure modes of a discontinuous jointed rock mass.
Figures 11A and B show the simulation results for stress wave amplitudes of 0.5 MPa and 2 MPa, respectively. When the stress wave amplitude was 0.5 MPa (Figure 11A) , short cracks were only seen initiating from the joint ends after three loading events. The wing cracks were connected to the adjacent non-collinear joints in a stepwise distribution after seven loading events. Wing cracks were generally straight, but there were local bifurcation phenomena, which ultimately led to step failure. Figure 11B shows that when the stress wave amplitude was increased to 2 MPa, wing cracks connected to adjacent non-collinear joints in stepwise distribution after only a single loading. The crack propagation path was relatively zigzag, and obvious bifurcation of wing cracks occurred after two loading times. The failure modes of a jointed rock mass were complex, with local X-shaped connections; hence, variations in stress wave amplitude could influence not only the fatigue life but also the failure mode of a jointed rock mass.
[image: Figure 11]FIGURE 11 | Failure process of a jointed rock mass with different loading magnitudes (β = 50°).
This study proved the importance of the critical stress value under the action of repeated stress waves. When the stress wave amplitude was higher than the threshold but smaller than the critical value, the jointed rock mass developed a single failure point under repeated stress waves. However, the failure modes of the rock mass were complicated by the continued increase in stress wave amplitude.
3.3.4 Effects of disturbance modes
In a practical engineering situation, the disturbance intensity at the same position of a rock mass changes as the tunnel face is advanced forward; thus, the influence of disturbance modes on the failure modes of a jointed rock mass must be considered. A model with β = 50° was chosen as the research subject, and two disturbance modes were considered: (1) stress wave amplitude increased with a loading order of 0.5, 1, 1.5, and 2 MPa, and (2) stress wave amplitude decreased with a loading order of 2, 1.5, 1, and 0.5 MPa. Other conditions were fixed. The failure processes of a jointed rock mass under the two disturbance modes are shown in Figures 12A and B, respectively. Under disturbance mode 1 (Figure 12A), only extremely short cracks were initiated at the joint ends in the first two loadings because of the small amplitude. After three loading events, wing cracks propagated and connected with adjacent non-collinear joints in a stepwise distribution. As the loading increased, wing cracks were connected with adjacent non-collinear joints, and a trend of mixed failure occurred. Under disturbance mode 2 (Figure 12B), wing cracks were connected with adjacent non-collinear joints in a stepwise distribution after one loading event. Some adjacent non-collinear joints were connected after two loading times, with general mixed failure.
[image: Figure 12]FIGURE 12 | Failure process of jointed rock mass with different load modes (β = 50°).
By comparing the failure modes under the two disturbance modes, it is obvious that they were similar, but the failure degree of a rock mass under disturbance mode 2 was far higher than that under disturbance mode 1. This result occurred most likely because the different disturbance modes caused different initial damage to the rock mass. Given stronger initial damages, the rock mass could reach the peak failure point by absorbing less energy, and the degree of post-peak rock fracture was higher. Thus, the type of disturbance mode did not affect the final macroscopic failure mode of the rock mass, but it did influence the failure degree.
4 CONCLUSION
In this study, a numerical simulation analysis on the failure processes of discontinuous jointed rock masses was carried out using the Autodyn element software. Some major conclusions can be drawn as follows:
1) The fatigue failure modes of a jointed rock mass under repeated stress waves, including the initiation positions of cracks, propagation paths of cracks, and failure modes of rock masses, were significantly different from those under a single stress wave. The differences were influenced by the incidence angle of the joints.
2) The fatigue life of a rock mass as a function of increase in the incidence angle presents a V-shaped variation trend. When β was between 20° and 50°, the fatigue life of the rock mass was significantly influenced by the incidence angle of joints, and it decreased significantly with increasing β. When β was between 50° and 90°, the fatigue life of the rock mass increased continuously with the incidence angle.
3) The stress wave amplitude can influence not only the fatigue life but also the failure mode of a jointed rock mass. A critical stress value is under the influence of repeated stress waves. When the stress wave amplitude is higher than the threshold but smaller than the critical value, the jointed rock mass develops a single failure under repeated stress waves. However, the failure modes of rock mass become more complex with the continued increase in stress wave amplitude.
4) The different disturbance modes had no effect on the final macroscopic failure mode of the rock mass, but they did affect the failure degree of the rock mass. The failure degree of a jointed rock mass under the disturbance mode with decreasing stress wave amplitude was far higher than that under the disturbance mode with the increasing stress wave amplitude.
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