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Abstract


The stability of rock slopes is of significance, as even the slightest slope failure can result in damage to infrastructure and catastrophes for human beings. Thus, this article focuses on the review of the current techniques available for rock slope stability analysis. The rock slope stability techniques can be classified as conventional methods and numerical methods. The advantages and limitations of the conventional method are briefly reviewed. The numerical methods mainly included three types, i.e., continuum methods, discontinuum methods, and the combined/hybrid continuum–discontinuum methods. This article pays more attention to the last type. The combined/hybrid finite–discrete element method (FDEM), which might be the most widely used continuum–discontinuum method, is introduced and we illustrated its abilities in modelling the entire rock slope failure process. The fundamental principles of FDEM, i.e., the contact interaction of the discrete bodies and the transition from continuum to discontinuum, are introduced in detail. The abilities of the FDEM in modelling the rock slope failure process are calibrated by modelling the entire typical rock slope failure process. Then, the application of the FDEM in the analysis of slope stability is introduced and discussed. Finally, the authors give insight into the GPGUP-parallelized FDEM modelling of the high rock slope failure process by the implementation of the strength reduction method (SRM). It is concluded that the FDEM can effectively model the entire rock slope failure process, even without the implantation of any slope modes, and the GPGUP-parallelized FDEM is a promising tool in the study and application of rock slope stabilities.
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1. Introduction


The fast development of modern society results in a variety of geotechnical activities, some of which require the excavation of rock cuts. Those actives, e.g., embayment, open-pit mining, and highway and urban contraction, can form many slopes. Figure 1 gives two typical rock slope examples. Figure 1a illustrates a rock slope with an angle of about 60° for the surface, which is reinforced by tensioned anchors. Figure 1b is a typical rock slope formed due to mining excavation in the Palabora open pit. The slope is 830 m in depth with an overall slope angle of 45–50°. There are also natural rock slopes in addition to the man-made slopes. For instance, the mountains or valleys are generally steep or falter slopes. As highways or railways might be built along valleys, the stability of the slopes, whether man-made or natural, are of significance in terms of protecting the surroundings and avoiding casualties.



The slope stability is always seen as critical, since even the tiniest slope failure may be costly in terms of monetary damage and human lives. It is essential to understand the geological, geomorphological, and hydrogeological characterization of a slope before the reconstruction of any structure. More importantly, a comprehensive understanding of the impacts of the external factors, e.g., external loading, seismicity, and groundwater, is crucial for preventing and controlling slope instabilities. In addition, the rock characteristics of the slope, e.g., faults, folds, and discontinuities, are significant factors influencing the stabilities of the rock slopes. The stability analysis of the rock slope is always associated with the factor of safety, which is the most well-known performance indicator in slope stability. The factor of the safety of the rock slope is a ratio of the average shear strength of a specific slip face to the average applied shear stress. If the ratio, i.e., the factor of the safety   F = 1  , it represents the “critical equilibrium” or “limiting equilibrium”, and this implies that a slope is on the verge of collapse or sliding, or complete failure. In this scenario, the rock slide is imminent along a certain slip surface. If the factor of the safety   F > 1  , the slope is stable and it is not on the verge of sliding. If the factor of the safety   F < 1  , it represents instability, and in this case, the slope design cannot be constructed.



In general, the rock slope has four categories in terms of failure types, i.e., plane failures, wedge failures, toppling failures, and circular failures. Figure 2a illustrates a general sketch of a plane failure (left part) and the plane failure of a rock slope in a mountain (right part). As illustrated in Figure 2a, for a plane failure, there is a structural discontinuity plane where sliding occurs. The angle of the discontinuity plane is smaller than the slope-face angle and it is greater than the fraction angle of the discontinuity surface [2]. Figure 2b illustrates the edge failure of the rock slope. It involves two discontinuities inclined out of the slope face and a rock mass, such as a wedge on them. During the edge failure, the wedge-like rock mass is generated and slides along the two crossing discontinuities that both drop out of the cut slope at an oblique angle to the curt face. Figure 2c shows the toppling failures of rock slopes. Toppling failures are most prevalent in rock masses that have been broken into a series of slabs or columns by a sequence of fractures that run roughly parallel to the slope face and dip sharply into it. Figure 2d illustrates the circular failure of the rock slope, which is named by the failure type—like the arc of a circle. It often occurs in solid mass with large grain sizes. Thus, for the circular failure of the rock slope, the rock mass is generally fragmented and the failure is not predominately controlled by a discontinuity (e.g., plane failure) or two intercrossing discontinuities (e.g., wedge failure).



The rock slope stability analysis is essential for many engineering projects, e.g., road cuts and open-pit mining. The main purposes of the rock slope stability analysis are to determine the stability of the rock slope, to investigate the different support options, and to optimize the slope in terms of reliability. There are many techniques available for performing the analyses, which can be in general classified into the conventional methods and numerical methods. The conventional methods include limit equilibrium techniques and the kinematic method. Limit equilibrium techniques are popular methods for the analysis of the plane or the toppling failure of the rock slope. This technique can provide a factor of safety or it can provide shear strength parameters for a rock slope. There are also lots of computer programs used for slope instability analysis, which are made based on the limit equilibrium concept [5]. The limit equilibrium approach has traditionally been used to test the stability of rock slopes, which are confined to the analysis of planar or wedge instabilities, while other complicated failure kinematics, such as toppling, are often not addressed by these methodologies.



The numerical methods are significant tools utilized during the slope design stage. As for the numerical techniques, there are mainly two categories, i.e., the continuum method and the discontinuum method. The representative continuum methods for modelling the rock slopes are the finite element method [6], failure-process analysis method (RFPA) [7], numerical manifold method (NMM) [8], and finite difference method (FDM) [9]. Jin, Yin and Yuan (2020) used the smooth-particle finite element method to simulate the rock slope failure process [6]. The smooth-particle finite element method is an updated Lagrangian approach with frequent re-meshing by the Delaunay triangulation method [6]. To employ continuum modelling, the rock mass in the slope is considered as a continuum material. In addition, the finite element method is widely used to study the failure mechanisms of the unsupported conical slope by the implementation of various rock failure models and criteria [10,11,12,13,14], e.g., the anisotropic undrained shear (AUS) model [11] and the Hoek–Brown failure criterion. However, for a real rock slope, there are unavoidable pre-existing planes of weaknesses, e.g., schistosity, joint sets, and faults. Those weaknesses in the rock slope might be the key issues that result in the instability of the rock slope. The continuum technique has limits in explicitly simulating complicated discontinuities, progressive failure, substantial deformation, and complex rock movement during the whole failure process due to the continuum assumptions [15]. There is also a variety of discontinuum methods applied for the simulation of the rock slope failure process. The distinct element method (DEM) [16] might be the most widely used discontinuum method. Jiang and Murakami (2012) employed the distinct-element method to model the full-process slope failure. The particle flow code (PFC) [7] and the discontinuous deformation analysis method (DDA) [17] are widely used to model the slope failure process.



The rock slope failure process is extremely complicated, it involves crack initiation propagation, and coalescence, and rock-bodies movement, rotation, and fragmentation. Neither the continuum method nor the discontinuum method can solve these problems [18]. Thus, a more robust numerical method, taking the advantages of both the continuum method and discontinuum method, is needed to reproduce the full failure process. The continuum–discontinuum method might be the most suitable technique to model the entire rock failure process, as it combines the advantage of the continuum-based methods and the discontinuum-based methods. Many researchers have focused their studies on the continuum–discontinuum modelling of the rock slope failure process [19,20,21,22,23]. Thus, this research reviews the rock slope sliding modelling using the continuum–discontinuum method. As the hybrid finite–discrete element method (FDEM) is one of the most popular approaches to modelling the rock fracture process, and Table 1 lists the representative study on the FDEM modelling of rock slope failure processes, this research introduced the main principles of the hybrid finite–discrete element method. In addition, the calibrated applications of the hybrid finite–discrete element method are introduced and explained in detail to demonstrate the validity and capability of the hybrid finite–discrete element method in modelling the entire rock slope failure process.




2. Combined Finite–Discrete Element Method


The continuum–discontinuum method (CDM) is a promising tool for the study of the rock fracture and fragmentation process under static or dynamic loading conditions, e.g., blasting [24,25,26,27,28,29,30]. It has been successfully applied in many geotechnical engineering problems associated with the transition from continuum to discontinuum through fracture and fragmentation over the last two decades [31,32,33,34]. Compared with the continuum method or discontinuum method, the CDM can not only model the rock damage, fracture initiation, coalescence, and propagation as most of the continuum-based methods do, but it also can model the interaction of the fracture rocks and even the muck-pilling of the rock fragments during a rock blasting process [30]. Many CDM methods have been proposed for overcoming the shortcomings of the continuum-based method or discontinuum method in simulating the entire rock fracture process, e.g., the combination of the boundary element method with the finite element method (BEM/FEM), the combination of the discrete element method with the finite element method (DEM/FEM), and the combination of the discrete element method with the boundary element method (DEM/BEM) [35].



The hybrid/combined finite element method (FDEM) might be the most widely used continuum–discontinuum method. Based on the FDEM, many tools are developed for modelling the entire rock fracture process, e.g., Y-2D [36], Y-GUI [37], Y-GEO [30], Y-Slope [19], Y2D/3D IDE [30], and the commercial software ELFEN [38,39]. Y-slope models the crack initiation, propagation, colliding, fragmentation and pilling process during the rock slope failure process [19]. Y2D/3D IDE has been implemented to model the entire fracture, fragmentation, and muck-pilling process induced by the blast [30], and has also been used to study the excavation damaged zone (EDZ) induced by blasting in deep tunnels [29]. Y-GUI is a graphical user interface developed for Y2D, as Y2D setting up Y2D modes is a time-consuming and error-prone process [22]. The GUI is developed to setup Y-2D modes graphically and minimize the possibility of erroneous input files [22]. Y2D has modelled the slope failure process where rock avalanches occur [22].



As the FDEM has been used in many geotechnical problems, the fundamental principles and FDEM applications have been introduced in detail. For a FDEM mode, it can have one discrete body or many discrete bodies. As illustrated in Figure 3, the discrete body is meshed by three-node finite elements (Figure 3a), and the four-node joint elements (Figure 3b) are embedded among the finite elements. The damage and the deformity of the rock mass are modelled using the three-node finite element, while the fracture initiation and propagation are simulated by the distortion of the four-node joint elements depending on the calculated strains on the finite element of a discrete.



Sun et al. (2022) [19] gave the rock mass with fracture and its equivalent FDEM model meshed by three-node finite element and four-node joint elements, as illustrated in Figure 4. The rock model is meshed using finite elements and the cracks are modelled using the broken joint elements, i.e., crack elements. The stress and strain of the individual body are described using the continuum law. The fracture of the rock, i.e., the transition from continuum to discontinuum, is modelled by the breakage of the joint element among the three-node finite elements. The motion of each node of the discrete body is updated using Newton’s second law (Equation (1) [40]).


  M    ∂ 2  X   ∂  t 2    + C   ∂ X   ∂ t   = F  



(1)




where M is the mass of the discrete body while C is the damping diagonal matrices, X is the nodal displacement and F is the node force vector.
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Figure 3. FDEM modelling rock fracture modes [19,25,27,28,41]. (a) FDEM model assembled with three-node and four-node elements (from reference [41]); (b) tensile failure (from reference [28]); (c) shear failure (from reference [27]); (d) mixed tensile–shear failure (from reference [25]). 
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Contact detections of the discrete elements or discrete bodies are essential for the FDEM, as there might be thousands or even millions of discrete elements or discrete bodies. Thus, many algorithms for automatic contact detection are proposed [36,42], e.g., the no-binary search, buffer zone, binary tree, and alternating digital tree. After the coupled discrete elements or discrete bodies are detected, the contact forces between the coupled discrete elements or bodies are calculated.



Most of the FDEMs use the penalty method to calculate the contact forces in the tangential and normal directions [26,36]. As illustrated in Figure 5, the two bodies are called the target and contactor, respectively. The penetration of the contactor into the target causes contact force. An infinitesimal contact force due to the penetration can be calculated using Equation (2) [36], while the total contact force due can be calculated using Equation (3) [36].


  df =   g r a d  φ c     P c    − g r a d  φ t     P t      d A  



(2)






   f c  =   ∫   S =  E  t ∩  E c          g r a d  φ c     P c    − g r a d  φ t     P t      d A  



(3)




where   df   is the infinitesimal overlap   d A   force and the    φ c    and    φ t    are potential functions.



During the contact interaction, the discrete element or bodies are deformable and the joint elements can be distorted to perform the continuum of the rock mass. The distortion in the vertical and normal direction will finally result in the shear and tensile failure, which perform the transition of the intact rock from continuum to discontinuum through the rock fracture and fragmentation. Bonding stress is induced during the distortion or the separation of the joint elements. Figure 6 gives the relationship between the bonding stresses with the separation of the joint elements in the normal direction (Figure 6a, right), and the vertical direction (Figure 6a, left). The bonding stress in the normal direction can be obtained according to Equation (4) [43]:


   σ n  =         2 ·    δ n     δ  n p     −        δ n     δ  n p        2    ·  σ t      i f     0 ≤  δ n  ≤  δ  n p         f  D  ·  σ t      i f      δ  n p   ≤  δ n  ≤  δ  n u        0    i f      δ n  ≥  δ  n u          



(4)







The tensile fracture or the Mode-I fracture process is governed by the Mode-I fracture energy release, and the value can be calculated as follows (Equation (5) [43]).


   G  f I   =   ∫      δ  n p        δ  n u      σ n       δ n    d  δ n   



(5)




where the    G  f I     is the Mode-I fracture energy release rate.



For the shear fracture or the Mode-II fracture process, the sliding of the adjacent finite element and the shear stress relationship is illustrated in the right part of Figure 6a. The shear stress  τ  increases with the increase of the sliding    δ s    and the shear strength corresponds to the sliding displacement of    δ  s p    , which indicates the shear fracture occurs. After that, the boding stress in the tangential direction or the shear stress decreases. As it decreases to a residual stress    δ  s r     according to a mechanical damage model, the shear fracture finishes. The bonding stress in the tangential direction can be expressed as Equation (6) [43] according to the sliding displacement of the adjacent finite elements.


  τ =       2 ·    δ s     δ  s p     ·  σ c      i f     0 ≤  δ s  ≤  δ  s p         g  D      i f      δ  s p   ≤  δ s  ≤  δ  s r            σ n  · t a n    ∅ f        i f      δ s  ≥  δ  s r          



(6)




where D is the damage variable and   g  D    is the function of the damage [44], and    ∅ f    is the joint residual friction angle.



Figure 6b illustrates mixed fracture criteria. When Equation (7) [43] is satisfied, the mixed-Mode I–II occurs.


         δ n  −  δ  n p      δ  n u   −  δ  n p        2  +        δ s  −  δ  s p      δ  s r   −  δ  s p        2  ≥ 1  



(7)







It should be noted that although most of the FDEMs, e.g., Y-FDEM [27] and Y-Slope [19], are implemented based on the open-source combined finite–discrete element libraries Y2D and Y3D originally developed by Munjiza (2004) [36] and Xiang et al. (2009) [45] and programmed using C++ or VC++, the C program is not the only platform for the implementation of the FDEM. Other platforms can be used for the implementation of the FDEM framework. Zhou, Yuan et al. (2016) [20] proposed a cohesive zone model-based on a combined finite–discrete element method to simulate the rock sliding process at the laboratory scale. The Mohr–Coulomb model with a tension and cut-off is impended for the FDEM to model both the tensile and the shear failure. Then, the FDEM is implanted into the ABAQUA to perform the transition from continuum to discontinuum through fracture and fragmentation during the rock slope sliding process.




3. Calibration of Hybrid Finite–Discrete Element Method for Modelling the Rock Slope Failure Process


The FDEM has been calibrated by many typical rock mechanism tests, e.g., the Brazilian tensile strength test [27], uniaxial compressive strength test [28], three-point test [26], and four-point test [24]. Those modelling results indicate that the FDEM can effectively model various fracture types, i.e., tensile, shear, and combination failures. To better indicate the capability of the FDEM in modelling the entire rock failure process of a rock slope, the FDEM has been employed to model the typical rock slope failure process [46], and it is even used for the back analysis of the rock slope in which the failure has occurred [21].



Grasselli, Lisjak et al. (2011) modelled the toppling failure of the rock slope, which is one of the main rock slope failure types [46], to calibrate and show the capabilities of the FDEM method in modelling the entire rock failure process of the rock slope. Figure 7 illustrates the temporal sequence of the failure process and the resultant fragmentation of the toppling failure of the rock slope. As can be seen from Figure 7, the toppling rock slope is comprised of multiple columns and those interact on an inclined plane during the rock-toppling failure process. According to Bray and Goodman (1981) [47], the toppling slope can be divided into three sections, i.e., the stable section, sliding section, and toppling section (Figure 7b). Due to the gravity of the columnar blocks, the failure occurs in the toppling and sliding sections, as illustrated in Figure 7b. The blocks slid on the inclined plane in the sliding sections while the blocks slide and rotate in the toppling section. During the interactions of the blocks, many blocks break into smaller blocks and even fragments (Figure 7c). Finally, more fragments are produced and pile on the toe of the slope during the gravity of the blocks interacting with the adjacent blocks (Figure 7c). The rock mass on the stable section is not significantly influenced by the slope failure process, as there is no interaction between adjacent blocks and the force along the sliding face induced by gravity is not big enough to cause the blocks to slide, due to the friction on the discontinuity face.



Sun, Liu et al. (2022) developed the Y-slope to model the entire failure process of rock slopes from initiation and transportation to deposition [19]. The Y-slope is developed based on the Y-code. The Y-slope considered the shear and tensile failure conditions by the implementation of the strength reduction methods. To calibrate the Y-slope, the equilibrium state of a benchmark is modelled. The stress distribution and displacement distribution are illustrated in Figure 8. It finds that both the stress distribution and the displacement follow a layered distribution, which are similar to the typical results of the rock slope at the equilibrium state obtained from commercial software.



Thus, the FDEM can model the transition of the rock slope from continuum to discontinuum through the rock fracture initiation, propagation and sliding, or rotation. In addition, it can effectively demonstrate the stress distribution and displacement distribution.




4. Application of the Hybrid Finite–Discrete Element Method in Modelling the Entire Rock Failure Process


Barla, Piovano et al. (2012) simulated two different rock slides observed at the Apletto Mine in Cesana Brianza, Italy [21]. Figure 9 shows the plane view, in which two sections, i.e., Section A and Section B, can be observed. Due to the intensive and persistent rainfall, instability has occurred in Section A. Barla, Piovano et al. (2012) made a back analysis of the side of Section A using FDEM, while the failure process of Section B also is simulated using FDEM.



Figure 10 shows the FDEM modelling of the rock slope failure process of Section A of the Alpetto high rock cut slope. Figure 10a-A illustrates the initial state of the cut slope. It can be seen that the bedding plane in the rock mass is approximately parallel to the slope, which results in the formation of thin slabs. The slabs are generated and move along the discontinuity or the sliding surface (Figure 10a-D). During the movement, the slabs turn to fragments due to the interactions of the slabs with the rock slope discontinuity. Finally, the fragments cover the bottom part of the slope. Figure 10b shows the FDEM modelling of the rock slope sliding process of Section B of the Alpetto high rock cut slope. The FDEM modelled two slopes (Section A and Section B) that are both similar to the high steep-slope failure process. The final fractured rock mass covers the bottom of the slope.




5. Discussion


5.1. Discussion on the Numerical Modelling Entire Slope Failure Process


Although many numerical techniques have been applied to model the rock slope failure process [2,6,8,9,18,19,48,49], naturally modelling the entire failure process is still a challenge. The entire rock slope failure process involves continuous displacement and discontinuous interaction. It is also associated with crack initiation, crack propagation, and even the coalescence of the cracks. In the post-failure process, the rock mass may move, rotate, collide, and finally fragment. As it involves continuous behaviours before the failure occurs, and discontinuous behaviour during the post-failure process, an individual continuum or discontinuum method has its limitations in modelling the entire failure process of rock slopes.



Figure 11 illustrates an FDEM method, i.e., Y-slope, which modelled the entire rock slope failure process [19]. Due to the gravity of the rock mass, a crack initiates from the toe of the slope, in which the stress is concentrated (Figure 11a). Then, the crack starts to propagate and reaches the top surface of the slope (Figure 11b–d). Thus, a sliding surface is formed. After that, the rock mass on the sliding surface begins to move along the formed surface (Figure 11e). During the post-failure process, the sliding rock mass rotates, interacts, and collides, which results in massive fragments being produced (Figure 11f). Finally, massive fragments accumulate in the vicinity of the slope toe. The rock slope failure process illustrated in Figure 11 effectively indicates that the FDEM can model the entire slope failure process well, from the continuous behaviours to the discontinuous behaviours.



Figure 12 compares two modelling results for a same toppling failure process. Figure 12a illustrates a toppling failure process modelled using the UDEC, while Figure 12b shows the same failure process modelled using FDEM.



Generally, the modelled results are almost the same in terms of failure formation. As can be seen, the failure initiated from the bottom-three rock blocks, and this caused the instability of the other blocks, except for the two blocks at the top of the sliding discontinuity. Then, the fracture blocks moved along the sliding surface. Thus, the UEDC and the FDEM both can model the toppling failure process well. However, it seems that FDEM has modelled the fracture initiation and propagation better when compared with the UDEC-obtained results in this case, which shows the advantage of the continuum method.




5.2. Discussion on the Advantages and Limitations of the FDEM in Rock Fracture Modelling


As the FDEM is a combined/hybrid continuum and discontinuum method, it takes the advantages of both the continuum method, e.g., FEM, and discontinuum method, e.g., DDA. The continuum method can model the rock initiation well, as well as propagation and coalescence, including the localization of the failure [18], while the discontinuum is good at modelling the sliding of the rocks along the discontinuous surface, as well as the interaction and rotation of the blocks. Thus, the FDEM can model the entire rock slope sliding process, i.e., crack initiation, propagation, coalescence, and the rock bodies’ movements, interactions, and fragmentations. In another word, the FDEM allows for new crack initiation and exiting crack extension, and can model the larger deformation, including rotations.



However, the FDEM also has its limitations. For example, the FDEM requires very specialized input parameters, and the required joint properties are not routinely measured [39]. In addition, the FDEM modelling results are very sensitive to the mesh size and mesh orientation, since the joint element or crack elements are inserted among the finite element boundaries to model the fracture initiation and propagation. Moreover, the FDEM encounters difficulties when simulating failures through intact rock.



Thus, new techniques need to be developed to more naturally model the crack initiation and propagation, and to try to avoid the effects of the mesh size and mesh orientation. Moreover, the crack initiated from the intact rock should be developed as the rock slope sliding process includes not only discontinuous mechanical behaviours but also crack initiation, propagation, and coalescence from intact rock [23,50].





6. New Insight into GPGPU-Parallelized FDEM Modelling of Rock Slope Failure Process


The significance of understanding the mechanism of the rock fracturing process has been widely realized in several fields, e.g., rock slopes and tunnellings, in which the stability is sensitive to the fractures. Numerical methods have been implemented to model the fracture process and the FDEM is considered as a promising tool, as mentioned in the Introduction Section. However, the computing power limited the FDEM, not only with 3D modelling but also in carrying out large-scale 2D modelling with a small mesh size in the past. The recently developed general purpose graphic processing unit (GPGUP) accelerators have dramatically improved this situation. Thus, this section gives a brief insight into the GPGUP-parallelized FDEM in modelling the rock slope failure process.



The FDEM code, i.e., Y-HFDEM, used in this section is originally developed by the authors in reference [51] and has been employed to study the conventional rock mechanism tests [26,27,28], rock blasting in mining production [25], and tunnelling excavation [29,41]. To overcome the computationally expensive issue of Y-HFDEM, the authors Fukuda et al. (2019–2020) [52,53] recently parallelized it on the basis of the GPGPU using a compute-unified device architecture (CUDA) C/C++. The detailed computing performance analysis shows the GPGPU-parallelized HFDEM 2D/3D IDE code can achieve the maximum speedups of 128.6 [53] and 286 [52] times in the case of the 2D and 3D modellings, respectively. More recently, adaptive efficient contact activation [54], mass scaling, the hyperplane separation theorem, and the semi-adaptive contact activation approach [55] have been implemented by the authors to further speed up the GPGPU-parallelized HFDEM, which paves the way for investigating the large-scale rock slope failure process.



The safety factor (SF) has been introduced in the Introduction Section, which is regarded as the key indicator for the stability of a slope. In addition, the safety factor can be obtained by weakening the rock material until the slope fails using the strength reduction method (SRM) [56,57]. For the modelling of the rock slope failure process using GPGUP-parallelized Y-HFDEM, the strength reduction method (SRM) is implemented in the proposed method. Then, a typical rock high slope is modelled to gain insight into the GPGUP-parallelized Y-HFDEM on the rock slope stability analysis. Figure 13 illustrates the geometrical mode, the size of which is the same as in Figure 11 of reference [19].



Table 2 gives the input parameters for the FDEM high rock slope model, which are the same as in Figure 11 of reference [19].



The following input parameters in Table 3 are not provided in reference [19] but are chosen following the calibration procedure described by Mohammadnejad et al. (2020) [54].



During the modelling, the gravity of the rock mass is firstly applied to the model and the stress reaches an equilibrium state through implementing a local damping approach. A damping coefficient is incorporated into the constitutive model in the FDEM, which is the so-called critical damping technique, one of the simplest approaches that have been used in many explicit FDEM. However, it was noted that the convergence rate of the critical damping technique is rather poor. Correspondingly, a local damping with a mass scaling technique is implemented into the GPGPU-parallelized HFDEM IDE code following Equation (8).


   M  s c a l e    ∂ 2  u / ∂  t 2  =  f  t o t   + α | |  f  t o t   | | s g n  v   



(8)




where Mscale is the scaled lumped mass, ftot is the nodal out-of-balance force, v is the nodal velocity, ||ftot|| is the absolute value of each component of ftot, sgn(∙) is the sign function automatically determined by the sign of (∙), and α is the local damping coefficient. Please refer to Fukuda et al. (2019) [53] for the implementation of the local damping method in detail. This process is completely different from that implemented in reference [19].



During the process, no fracture is allowed, since cohesive elements have not been inserted. After that, cohesive elements are inserted and static equilibrium is achieved. As the strength reduction method (SRM) is implemented in the proposed method, an iterative process begins. The strength parameters are reduced and re-arranged into the model. Then, a stress equilibrium state will be achieved again. The iterative process will not stop until the slope becomes unstable. Figure 14 illustrates a typical rock slope failure process using the proposed method with the implementation of the SRM. The left part of Figure 14 indicates the stress distribution while the right part shows the fracture initiation and propagation. Figure 14a indicates the stress equilibrium state after the gravity of the rock mass is applied to the model. The stress concentration can be observed at the toe of the slope, where fractures initiate (Figure 14b). Then, the fractures propagate into the slope (Figure 14c) and form a sliding failure surface (Figure 14d). The rock mass slides along the newly formed sliding surface. Due to the sliding, rotation, and colliding, the rock mass breaks into fragments and finally piles at the lower bench of the slope (Figure 14e). Thus, the GPGUP-parallelized Y-HFDEM can effectively model the entire slope failure evolution process due to the implementation of the SRM in the proposed method.




7. Conclusions


The stability of rock slopes plays a significant role in many geotechnical engineering projects. To avoid the catastrophes induced by the instability of the rock slopes and to optimize the slopes for reliability, many techniques have been developed, which can be classified into convention methods and numerical methods. The limited analysis method is the most popular and widely used conventional technique, which can provide the factor of the safety of the rock slopes. However, the limited method is mostly limited to analyzing the planar failure and wedge failure, and it is beyond the capability of the limited analysis method for complicated failure types. With the fast development of computation techniques, numerical techniques are employed to analyze the stability of the rock slopes. In general, the numerical techniques mainly include three types, i.e., the continuum method, discontinuum method, and the combined/hybrid continuum–discontinuum method. Both the continuum and discontinuum methods can model the slope failure process. However, due to the material assumptions, i.e., the continuum material or discontinuum material, the continuum or discontinuum methods have limitations in modelling the entire failure process. The continuum–discontinuum methods combined the advantages and avoid the disadvantages of the continuum methods and the discontinuum methods. Thus, a representative continuum–discontinuum method, i.e., the combined/hybrid finite–discrete element method (FDEM), is reviewed, calibrated, and then implemented in the rock slope stability analysis in this article. The fundamental principles of the FDEM are introduced. Compared with continuum methods and discontinuum methods, one of the most distinct is that the FDEM can model the transition from continuum to discontinum. Therefore, the FDEM can model the entire slope sliding process naturally. This research paper gives a detailed explanation of this distinction, i.e., the transition from continuum to discontinuum. In addition, the three fracture modes that make the FDEM able to model the transition from continuum to discontinuum through fracture and fragmentation are introduced. The calibration of the FDEM is essential to show its abilities in rock slope failure modelling. The authors reviewed the typical slope failure process modelled using the FDEM to calibrate the proposed method. The stress and displacement distributions modelled by the FDEM are similar to those obtained by commercial software. Moreover, the FDEM can obtain the fracture initiation, the interaction of the rock bodies, and the rock wedges sliding along the failure surface. After that, the employment of the FDEM for the back analysis of the rock slope failure and predicting the rock failure using FDEM is given. Finally, the GPGUP-parallelized FDEM with the implementation of the strength reduction method (SRM) is introduced and employed to model the rock slope failure process to gain insight into the recent advance in FDEM techniques. On the basis of the review research, it is concluded that:




	
The FDEM can effectively model the entire rock slope failure process from the fracture initiation, wedge sliding, and fragmentation due to the transition from the continuum to discontinuum technique implemented in the FDEM;



	
The continuum or the discontinuum methods have their limitations in naturally modelling the entire rock failure process. However, the distinctive character, i.e., the transition from continuum to discontinuum, means that the FDEM can effectively model the natural failure process for the rock slopes, even without any failure modes implemented in the proposed method;



	
The GPGUP-parallelized FDEM with the implementation of SRM is a promising technique in the back analysis and prediction of the slope failure process, as it combined the advantages of the continuum methods and discontinuum methods, and it can naturally model the transition for rock from continuum to discontinuum through fracture and fragmentations.
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Figure 1. Examples of rock slopes (from reference [1]). (a) Rock slope in Hong Kong. (b) Palabora open-pit mine. 






Figure 1. Examples of rock slopes (from reference [1]). (a) Rock slope in Hong Kong. (b) Palabora open-pit mine.



[image: Sustainability 14 04896 g001]







[image: Sustainability 14 04896 g002] 





Figure 2. The main failure types for rock slopes (from references [3,4]). (a) General plane failure sketch (from references [3,4]). (b) Wedge failure sketch (from references [3,4]). (c) Toppling failure sketch (from reference [3]). (d) Circular failure (from reference [3]). 
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Figure 4. The rock mass with cracks and its equivalent numerical model [19]: (a) rock mass (from reference [19]); (b) FDEM model (from reference [19]). 
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Figure 5. Contact force due to penetration [26]. 
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Figure 6. Transition from continuum to discontinuum [24,28]: (a) Tension fracture (pure Mode-I fracture (left parts)) and shear fracture (pure Mode-II fracture) (from reference [28]); (b) mixed tensile–shear fracture from (from reference [27]). 
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Figure 7. Toppling failure process of the rock slope modelling using FDEM (from reference [46]). (a) Initial state; (b) sliding along the discontinuity surface; (c) interaction between rock blocks; (d) piling to the toe of the slope. 
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Figure 8. FDEM modelling of stress distribution and displacement destitution of the equilibrium state of a benchmark (from reference [19]). (a) Stress distribution; (b) displacement distribution. 
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Figure 9. Plane view of the Alpetto Mine in Northern Italy (from reference [21]). 
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Figure 10. FDEM modelling of rock slope sliding process of the Alpetto high rock cut slope (from reference [21]). (a) Section A; (b) Section B. 
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Figure 11. FDEM modelling of the entire rock slope failure process [19]. 
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Figure 12. Comparison of the slope failure process modelled by: (a) the UDEC; (b) the FDEM (from reference [46]). 
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Figure 13. Geometrical model of high rock slope (from reference [19]). 
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Figure 14. GPGUP-parallelized Y-HFDEM IDE modelling of rock slope failure process. (a) Stress equilibrium state; (b) 3 s; (c) 5 s; (d) 10 s; (e) 25 s. 
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Table 1. Summary of FDEM modelling of the rock slope failure process.
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	Numerical Code
	Modelled Results
	Reference





	Y-Slope
	Y-Slope considers the tensile and shear failure. The failure is caused by gravity. By decreasing the strength parameters, the cracks initiate from the toe of the slope and propagate further into the slope. Finally, the cracks form a discontinuity surface. The crack initiation, propagation, colliding, fragmentation, and piling are modelled.
	[19]



	FDEM realized using ABAQUS/Explicit
	The FDEM framework is implemented in the ABAQUS/Explicit. The cohesive zone model (CZM) is employed to model the fracture occurring along the bulk elements boundary. The gravity increase method is implanted in the ABAQUS/Explicit-based FDEM program to model the slope failure process. The failure processes of the laboratory-scale slope with various joint inclination surfaces are modelled.
	[20]



	Y-Geo

based on Munjiza’s Y-code
	Y-Geo is used to model the evaluation of a rock slide that occurred in Italy in 1997. The modelled results in terms of the runout profiles and evaluation of the slopes agree well with the site observation.
	[21]



	ELFEN
	A modified Mohr–Coulomb elastoplastic model is implemented in ELFEN to model the material softening, and deal with both the tension and shear states. Then, the ELFEN was employed to model the 1991 Randa rockslide. Due to strength degradation, the rock mass breaks into blocks and are modelled using ELFEN.
	[23]



	Y-2D with Y-GUI
	The failure process of the rock avalanche is modelled. The weak interface in the slope was firstly produced, then, the rock avalanche was initiated. A large volume of rock mass started to move, which further fragmented. During the process, the blocks were progressively broken into smaller fragments.
	[22]










 





Table 2. Input parameters for the FDEM high rock slope model.
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	Properties
	Values





	Young’s modulus (GPa)
	10



	Poisson’s ratio
	0.25



	Density (kg/m3)
	2000



	Friction angle (degrees)
	32



	Cohesion (MPa)
	1



	Tensile strength (MPa)
	0.5










 





Table 3. Input parameters for the GPGUP-parallelized Y-HFDEM high rock slope model.
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	Properties
	Values





	Mode-I fracture energy (J/m2)
	4



	Mode-II fracture energy (J/m2)
	12



	Normal contact penalty (GPa)
	100



	Tangent contact penalty (GPa)
	100



	Artificial stiffness penalty (GPa)
	1000
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).



























media/file4.png
.‘.
4 .““

F‘\\}“ \‘\~§\;'
“)ﬂ H Y u} '\ \‘\\‘uf \“\

- :\\ \\ \\>_
v d
S L "1 f
‘

L.

B;,

.r-fe i






media/file18.png
—6.0 X 10*

-1.2 x 10°

—1.8 X 10°

—2.4 % 10°

0
—6.0 X 10°
—-1.8 X 10°

—3.0 X 10°

—3.8 X 10°

4.0 x 10*%

2.5 x 10*

‘ . 1.0 X 10
i l i-s-o x 10°
(a)

(b)

5.5x 1072

40x 1072

2.5 x 1072

5.0x 1073

—2.0x 1072

—8.0 X 1072

—14x107¢

—22x107t

—2.2x107t

—1.6x 107!

—1.0x 107!

—2.0x 1072





media/file21.jpg
(b)

(@)





media/file13.png
Tension

6". u

Onp

Sop

Compression

''s,,

T

(a)





media/file31.png
— —2.2x10*

—5.0 X 10°

SigmaYY(Pa)

= —1.0x10°

Pure Modell Damage

— —13 x 106

- —22x10*

—5.0 X 10°

SigmaYY(Pa)

£ —1.0 %108

Pure Modell Damage

- —1.3x 106

-—2.2 x 10*

—5.0 X 10°

SigmaYY(Pa)

+—1.0 x 106

Pure Modell Damage

-—1.3x10°






media/file26.png
(b)

(a)





media/file27.jpg
wg

TT

85°

wog

35m

20m






media/file12.jpg
(b)





media/file3.jpg





media/file22.png
(b)





media/file19.jpg





media/file7.jpg
M.,ﬂ.',"'*VAVAVAVAVA

= 1)

TAVAVAVAAWAN





media/file28.png
w ¢

O -

35m

SS‘X
VAN
e

AN
20m

O O O O O O

Y
¥

WO





media/file10.png
Target Body E;






media/file32.png
-—2.2 X 104

YY(Pa)

igma

—1.0 x 106,

S
Pure Modell Damage

-—1.3 X 106

-—2.2 x 10*

SigmaYY((Pa)

-—1.0 x 106

Pure Modell Damage

-—1.3 x 10°






media/file14.png
Sy

55 r

Osp

(b)





media/file11.jpg
N

Tension
— RN
/ 4/
Wt e, b Sup b
' .
Compression

(a)





media/file6.png





media/file15.jpg





nav.xhtml


  sustainability-14-04896


  
    		
      sustainability-14-04896
    


  




  





media/file16.png





media/file2.png
'E4 —
U\ I'RI3
oo - / crack tip
R .'. ..0
o **, ...
w %
/./ P-g & Pt P
e >
discrete crack v ot

(smeared crack)

(a)

Four-node crack element

On

On

(b)

Broken crack

Yield joint





media/file20.png
e e —
0 20 40 60 80 100m
SectonB

= LEGEND
-~ dt Superficial deposits

, I BRU Marne di Bruntino
S ——"" MAI Maiolica
2 RAP Rosso ad Aptici

S ¥ RLSRadiolarit
~ """ == Black Shales
e :,V,_Hv%,‘. RAL Rosso Ammonitico Lombardo

e DOMCalcare di Domaro

‘f__ MOT Calcare di Moltrasio

“ .1 Rock slide deposits

g ™. Main scarp

’ - —-- Faults

e

e Boreholes

4






media/file23.jpg
®)Step 2410¢
K85

@ step 1x10*

(@ sepeseiot
K138

@stepase10t

(©)5tep20+
@ Step20-10¢ (D Step30e10t

fragmentation

(@ Step a0t

FPRF






media/file5.jpg





media/file24.png
(a) Step 1x10*
K=5.2

(c) Step 4.5x10*
K=11.8

(e) Step 2010

(g) Step 45x10*

rotation

(b) Step 2x10*
K=8.5

(d) Step 6.5x10*
K=13.8

(f) Step 30x104

fragmentation

(h) Step 60x10*






media/file33.png





media/file29.jpg





media/file1.jpg
Four-node crack element






media/file25.jpg





media/file9.jpg
Target Body E,






media/file30.jpg





media/file8.png
c.mi?’yAVAVAVAVA

a £ e ¥ a: .
- “dyy ‘
¢ '0 -
3 g L . :
i 8 AL e
. , o . Crack element ' ' ‘ ‘
v r g,
N o - Finite elemei\ ‘ ‘ A
7 z‘ - T - W * .
i, ‘ i
8 : < - “- % : s
~ . :)\ . ; -
. 3

TAVAVAVAAVAN





media/file17.jpg
(b)

(@)





