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Abstract

:

Geological disasters, especially landslides, frequently occur in Enshi County, Hubei Province, China. On 21 July 2020, a large-scale landslide occurred in Enshi due to continuous rainfall. The landslide mass blocked the Qingjiang River, formed a dammed lake and caused great damage to surrounding roads and village buildings. In this study, the geomechanical properties of the landslide mass were obtained through field surveys. A three-dimensional topography model of the slope was established using the particle flow code (PFC) and the numerical parameters of the model were calibrated. A 3D discrete element model (DEM) was used to simulate the propagation of Shaziba landslide, and the dynamic behavior of the landslide was divided into five stages. The simulation results show that the landslide movement lasted approximately 1000 s. The maximum average velocity of the landslide reached up to 7.5 m/s and the average runout distance was about 1000 m. The simulated morphology of the landslide deposits was in good agreement with the field data. In addition, the influence of effective modulus on the calculation results was analyzed. The results indicate that the propagation behavior of a landslide and the morphology of landslide deposits are closely related to the effective modulus in the contact model of the PFC3D.
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1. Introduction


Landslides are one of the major geological hazards in China, seriously threatening the safety of people’s lives and property. Rainfall is considered as a major trigger of landslides. More than 90% of landslides were reported to be triggered by rainfall events [1,2]. In recent decades, rainfall-induced landslides have caused huge loss of life and property in China. For instance, the Sanxicun landslide occurring in Dujiangyan, Sichuan Province in 2015 caused 166 deaths [3]. In 2019, 52 people were killed in the Jichang landslide in Liupanshui City, Guizhou Province [4]. The Zhongbao landslide occurring in Liujing Village, Chongqing City in 2020 blocked the Yancang River and created a dammed lake, threatening the lives and property of 152 families [5]. In 2021, a massive landslide in Tiejiangwan, Hongya County, Sichuan Province, left three people missing and damaged five houses [6]. Based on the field investigation of the above-mentioned landslides, it was observed that most rainfall-induced landslides can travel a long runout distance with a relative high velocity, which is usually defined as a flow-like landslide in the literature [7,8]. Therefore, it is of great importance to analyze the propagation behavior of typical rainfall-induced landslides for disaster prediction and prevention.



At present, the study of the post-failure behavior of landslides is mainly focused on field investigation [9,10], theoretical analysis [11], physical experiments [12,13,14] and numerical simulation [15,16]. Field surveys are useful to collect reliable primary data and to visually identify the characteristics of slopes after failure. However, most studies are still in the qualitative stage and cannot observe the dynamic characteristics of landslides [17]. The theoretical analysis usually contains many simplifications and assumptions, while the actual landslide situation is often complex [18]. Physical models are limited by scaling effects, so it is difficult to reconstruct accurate 3D topography models [19]. Compared with the above-mentioned methods, numerical simulation has the advantage of low cost and high performance. It can deal with complex engineering problems by building mathematical models [20,21]. Numerical simulation methods include mesh-based methods and mesh-free methods [22]. The mesh-based methods for landslide analysis mainly include FEM, FDM and so on. For example, Ozbay and Cabalar [23] carried out a series of FEM modeling to analyze the stability of slopes and evaluate factors that caused the landslides. Moayedi et al. [24] conducted different FEM analyses to determine susceptibility to landslides and consider appropriate countermeasures. Maugeri et al. [25] presented an FDM model to simulate the seasonal creep in natural slopes and predict the viscous deformations of a landslide body. Bozzano et al. [26] used an FDM approach to investigate the role of local seismic amplification in the reactivation of a landslide. This research shows the obvious advantages of the mesh-based methods in slope stability analysis, deformation prediction, dynamic response analysis and slope-retaining structure design. However, mesh-based methods suffer from some numerical problems, such as mesh winding and deformation, when dealing with the extremely large deformations involved in flow-like landslide propagation. Compared with mesh-based methods, the mesh-free methods have apparent advantages in modeling large deformations of landslides. For instance, Mcdougall and Hungr [27] proposed a Lagrangian solution called DAN for the analysis of rapid landslide propagation across 3D terrain, in which the landslide mass was assumed to be an equivalent fluid. Dai et al. [7] presented a 3D SPH model to simulate the post-failure behavior of a flow-like landslide triggered by a strong earthquake. Sitar et al. [28] carried out dynamic DDA simulations of the Vaiont landslide to discuss the influence of the geometric discontinuity on the kinematic features of landslides. Huang and Zhu [29] developed a modified MPS model for the simulation of flow slides in municipal solid waste dumps. Mast et al. [30] presented an MPM model to predict the flow dynamics of landslides and calculate the interaction force with structures. Some other research works regarding landslide modeling based on mesh-free methods were presented in Dai et al. [31], Mao et al. [32], Wang et al. [33], Yang et al. [34] and Chen et al. [35]. Recently, the discrete element method (DEM) has been widely used to simulate the propagation of catastrophic landslides [36,37,38,39]. As a numerical software based on the DEM method, particle flow code (PFC) has been widely applied to simulate the propagation of flow-like landslides. For example, Zou et al. [37] analyzed the kinetic characteristics of the Jiweishan rockslide in China based on a PFC model. Wei et al. [18] presented a PFC-based model to investigate the kinetics feature of the Mabian landslide. Wu et al. [40] established a 2D PFC model to analyze the dynamic response characteristics and deformation evolution process of loess slopes under seismic loads. Ray et al. [41] applied the PFC method to model the rheological properties of a landslide debris in Uttarkashi, India. Therefore, the PFC model is suitable to simulate the propagation behavior of different types of landslides.



This study aims to explore the propagation behavior of the Shaziba landslide in Enshi County, Hubei Province, China and reveal the kinetic characteristics of the landslide. The authors conducted a systematic survey of topographic features, geological structures, rainfall history and deformation characteristics in the study area. Based on the collected survey data, a landslide model based on PFC3D was presented to reproduce the landslide motion process and study the kinematic characteristics and accumulation morphology. The results of this work can provide a scientific basis for the study of this type of landslide in the Enshi area and contribute to disaster prevention and mitigation.




2. Study Areas


2.1. Overview of the Landslide Area


Enshi County is located in the southwest of Hubei Province, China with a geographical latitude of 30°36′5″ N, 109°29′85″ E (Figure 1). This area is dominated by mountainous terrain, and the topography is generally high in the north, northwest, and southeast, and low in the center and south. Enshi has a subtropical monsoon and monsoonal humid climate, with abundant precipitation year-round. The topography and climatic characteristics of Enshi make it prone to geological hazards, particularly landslides [42,43]. At about 5:30 am on 21 July 2020, a large-scale landslide occurred in Shaziba, Mazhe village, about 30 km from Enshi (Figure 1). Mazhe village has more than 1400 residents with a total population of more than 5000 people. It occupies a land area of 33.68 square kilometers with 8828 acres of cultivated land. Mazhe village is rich in selenium elements, which is suitable for the production of tea, tobacco and other economic crops and has important economic value. In addition, the territory is crisscrossed by the Enyu Highway and roads, which provide a good transportation basis for the trade of economic crops. However, this landslide destroyed transportation facilities and fields in the village and eventually blocked the Qingjiang River, seriously threatening the lives and property of 6579 people in 1970 households downstream (Figure 2). Moreover, the disaster caused direct economic losses of over 100 million yuan.




2.2. Geological Condition


The geological map of the study area is shown in Figure 3. Quaternary loose sediments are widely distributed on the surface of the study area, and the bedrock strata are inter-bedded with Silurian quartz sand stones and shales. The weathering of soft rocks is usually considered as an important factor in the fields of geology, engineering geology and geomorphology. Miscevic and Vlastelica [44] discussed the effect of weathering on slope stability. In the study area, the rock strata area is severely weathered and broken, resulting in the weakness of the rock strata and forming a large amount of loose slope-forming material, which is prone to failure in the rainy season. Peng et al. [43] investigated an area of 1000 km2 in Enshi and analyzed 119 landslides, including the Shaziba landslide. They reported that about 71% of the landslides occurred in two strata: the Silurian strata and the Triassic Badong Formation strata. The Shaziba landslide is located in the Silurian strata. The geological settings in the study area provide abundant loose source material for landslide events.




2.3. Rainfall Characteristics


The study area has a typical subtropical monsoon climate with an average annual rainfall of 1500 mm. As shown in Figure 4, the cumulative rainfall in Enshi in the month before the landslide occurrence reached 907 mm, which was the highest monthly precipitation recorded in the past 50 years. In particular, since 15 July 2020, Enshi experienced continuous heavy rainfall, with the highest three days of 16 July (39.8 mm), 17 July (81.8 mm) and 18 July (43.5 mm). As a result, a large-scale landslide was induced at the Shaziba of Mazhe village. Based on the analysis of the relationship between rainfall and landslides in Enshi, Peng et al. [43] classified the rainfall landslides in Enshi area into five different categories. The Shaziba landslide discussed in this paper belongs to the one that was closely related to the cumulative antecedent rainfall before the landslide occurrence. Due to the antecedent rainfall, the slope soil was saturated gradually. In the meantime, the weight of the sliding mass increased and the shear strength of the sliding belt decreased gradually. As a result, the Shaziba landslide occurred under a very small rainfall on 21 July 2020. Therefore, soil saturation was progressive due to antecedent rainfall. Though rainfall on the day of the landslide event was only 10 mm, the antecedent rainfall had already saturated the soil and reduced the stability of the slope to a large extent.




2.4. Landslide Dam


According to the geotechnical material type divisions proposed by Hungr that includes “rock, clay, mud, silt, sand, gravel, boulders, debris, peat” and other material types, the Shaziba landslide can be classified as a gravel–silty clay landslide, of which the geotechnical materials contain silty clay and a few gravels [45]. Figure 5 shows the photo of the silty clay in the landslide site. Figure 6 shows the grain size distribution curve of the silty clay. The plastic limit is 16.52% and the liquid limit is 39.24%. Satellite images (with a resolution of 12.5 m) both before and after the landslide were used to generate the topography model of the slope and identify the landslide boundary, as shown in Figure 7. This shows that the Shaziba slope is located on the right bank of Qingjiang River, with an elevation between 560 m to 960 m. The configuration of the Shaziba landslide was tongue-shaped, and the average slope angle was 10–15°. The sliding direction of the landslide was about 195°, which is approximately consistent with the measured dip angle of the bedrock. The Shaziba landslide had a longitudinal length of 1200 m–1500 m and a transverse width of 320–580 m. The landslide was composed of Quaternary silty clay and a few boulders, with a thickness of 10–43 m and an average thickness of 25 m. The volume of the landslide was approximately 2.8 × 106 m3 [16]. After the landslide, the vegetation was severely damaged, with obvious scars on the left side and sparse vegetation still on the right side (Figure 2).




2.5. Failure Process of the Shaziba Landslide


The Shaziba landslide was characterized by progressive failure. As described by local lookout patrols, creep deformation occurred in the slope on 17 July 2020 and cracks appeared on the surface of the ground [16]. The deformation of the landslide intensified on 18 July, causing many cracks in nearby houses and roads (Figure 8a–c). On 19 July, approximately 0.3 × 106 m3 source material on the west of the slope collapsed and flowed downward, some of which slipped into the Qingjiang River. The deformation of the slope developed continuously under the influence of heavy rainfall. Eventually, approximately 2.5 × 106 m3 of source material failed and rushed into the gully at 5:30 am on 21 July 2020. As shown in Figure 2, the gully in the transportation area divided the landslide into two sections. The eastern section had a short moving distance and good integrity, while numerous sliding masses moved outward on the western section, forming a large steep slope. In addition, there were two concentrated flows in the central and western parts of the steep slope, which were the result of surface flows during heavy rainfall (Figure 8d). Under the influence of heavy rainfall and surface flows in the western gully, the sliding mass flowed into the Qingjiang River (Figure 8e,f), forming a landslide dam with a length of 60–80 m, a width of 300–350 m wide, and a height of 8–10 m. The Shaziba landslides caused serious damage to the surrounding farmland, vegetation, houses, and infrastructure.





3. Methodology


3.1. PFC Theory


PFC is a computing software developed by the American Itasca company. It was initially proposed to analyze the mechanical properties of soil particles by Cundall and Strack [46]. As a numerical software based on the discrete element method, PFC has been widely used in the field of geotechnical engineering to study the mechanical properties and deformation behavior of rock and soil mass, which are simplified as a granular system in the simulation. The basic element of PFC is a sphere (circle in 2D) carrying the physical properties of the material and interacting with other elements. PFC3D is a three-dimensional version of the software able to analyze complex motions of geo-material on a 3D terrain [47,48]. In the PFC3D model, the geo-material is composed of rigid particles. It can not only directly simulate the movement and interaction of each particle, but also form a combination of optional shapes by connecting any particle with its adjacent particles to simulate a block structural issue. PFC3D uses the wall as the constraint of particle motion. The mechanical relationship between the particles obeys Newton’s second law. The contact force is simulated by the overlap between the particles, allowing limited displacement and rotation, and the particles can be completely separated due to the theory of discontinuities. During the calculation process, new contacts can be automatically identified. The mechanical properties of the geo-material depend on the structure and contact characteristics of the particles. According to the time-step calculation principle and Newton’s second law, it calculates the contact motion, whether particle-to-particle or particle-to-wall [49,50]. In the PFC model, the time-step calculation is automatic and includes the effects of changing stiffnesses due to the contact model. Additionally, during the simulation, the time-step changes with the contact numbers and instantaneous stiffness of the particles. As shown in Figure 9, the model of particles and walls is first established to form the initial contact. During the first time-step, contact generates force and moment on each particle, and Newton’s second law is applied to update the velocity and position of the particles. Next, the force–displacement law is used to update contact forces through relative motion and the constitutive relationships of adjacent entities, which act at each contact. The calculation is repeated at the beginning of each time step until the unbalanced force between particles is less than the set value.




3.2. Model Establishment


In this study, the numerical model of the Shaziba landslide was established using the Ball-Wall mode. This model uses rigid spherical particles to simulate the sliding body, and the 3D terrain is represented by a series of wall elements. Compared with other modes, the Ball-Wall mode generates fewer particles for the numerical model and significantly improves the computational efficiency. In addition, this method is suitable for landslides of which the sliding surface is determined. The volume of the landslide body was determined to be about 2.8 × 106 m3 based on the field investigation. The calculation accuracy of the PFC model increases when using fine particles, while the computational efficiency decreases sharply when increasing the particle numbers. Therefore, to balance the calculation accuracy and efficiency, the Shaziba landslide was discretized into a total of 13,136 particles with a diameter of 2–2.5 m by using the Ball-Wall mode. The density of the material was 2.1 × 103 kg/m3. As shown in Figure 10, the sliding surface of the Shaziba landslide was composed of 696,129 wall elements. To capture the evolution of displacement and velocity during landslide propagation, a total of 15 monitored particles were placed in the front, middle and rear parts of the sliding body respectively (Figure 10).



The landslide material is usually very complicated, including the three phases of gas, liquid, and solid. The interaction of different phases may influence the macro-mechanical property of the geo-material. Therefore, it is better to simulate the mechanical behavior of soils using a multi-phase coupled model. However, for large-scale events such as flow-like landslides, it is difficult to quantitatively consider the micro-interaction among different phases when modeling the propagation behavior of landslides. Therefore, the propagation behavior of flow-like landslides is usually simulated as a single-phase viscous fluid in the literature. For example, Hungr [51] proposed a DAN model based on integrated “shallow-flow” theory to simulate flow-like landslides. In this model, the landslide material was assumed to be a single-phase “equivalent fluid”, which was evidenced to be highly efficient. Huang et al. [52] proposed an SPH model to predict the runout distance of flow-like landslides. The flow-like landslides were simulated as a single-phase Bingham fluid, and the accuracy of the modeling results was verified. Li et al. [53] simulated the runout behavior of the Jiweishan landslide using a single-phase model based on PFC and verified the efficiency of the solver. Similar research work can be found in [54,55,56]. Therefore, in the presented study, the propagation of the Shaziba landslide was assumed to be a single-phase material for simplified calculation and the material’s multi-phase nature was ignored, though the source material of the Shaziba landslide was saturated soil containing water and soil phases.



In the PFC model, the parallel bonding model can well simulate the mechanical properties of cohesive soils, such as inter-granular tensile, shear and bending moments. Therefore, it was used in this study to consider the interaction between particles and simulate the dynamic behavior of the saturated sliding body.




3.3. Calibration of Parameters


In the PFC model, the macroscopic mechanical behavior of geo-materials is determined by the micro-mechanical properties of granular assembly. However, the determination of these micro-parameters is a challenge with various uncertainties, since they cannot be directly obtained in the laboratory tests, and no complete theory can reliably predict macroscopic behavior from microscopic properties and geometry. The most efficient approach so far involves a trial-and-error process. In the literature, virtual compressive strength tests have been widely performed to calibrate the micro-parameters of PFC models. For example, Tang et al. [55] performed a series of numerical biaxial tests on granular samples to calibrate the PFC parameters before modeling the Tsaoling landslide. Li et al. [53] conducted virtual uniaxial compression tests for parameter calibration before the PFC simulation of the Jiweishan landslide. Similar research works can be found in some recent literature [18,57]. The effectiveness of this method has been validated through the above research works. Therefore, in this study, a series of numerical biaxial compression tests were performed on granular samples to calibrate the parameters used in the PFC simulation, as shown in Figure 11a. The parameters used in the simulations are shown in Table 1. By controlling the confining pressure to be 100 kPa, 200 kPa and 300 kPa, respectively, the Mohr’s circles of the granular assembly under different stress states were obtained as well as the Mohr failure envelope, shown in Figure 11b. From this, the cohesion (c) and internal friction angle (φ) of the granular assembly can be calculated to be 26.3 kPa and 21.1°, respectively. According to the literature [57,58], the cohesion of Quaternary silty clay in the study area is 22–37 kPa, and the internal friction angle is 18–25°. Therefore, the shear strength characteristic of the granular assembly in the PFC model is consistent with that of the source material of the Shaziba landslide. It can be concluded that the PFC particles with the micro-mechanical parameters shown in Table 1 can be used to simulate the mechanical behavior of the source material of the Shaziba landslide.





4. Results


4.1. Kinetic Process of the Shaziba Landslide


In July 2020, the continuous rainfall in Enshi saturated the soils and increased the pore pressure ratio gradually. Then, the matrix suction in the unsaturated zone reduced and the effective stress of the slope forming material decreased. As a result, the shear strength of the soil in the sliding belt of the slope decreased, which resulted in the landslide event. The dynamic movement of the Shaziba landslide simulated using the PFC3D is shown in Figure 12. After being triggered by continuous rainfall, the landslide moved rapidly downward. The whole process lasted approximately 1000 s, which can be divided into five stages: (1) For the first 20 s, the slope failure occurred along the sliding surface and a rapid downward movement began (Figure 12a). (2) From 20 s to 100 s, the northeastern part of the trailing edge was first separated from the slope. This part was located on flat terrain. After failure, the sliding mass quickly moved to the southeast over the lower terrain. At the same time, the velocity of the landslide rapidly increased. The maximum velocity exceeded 14 m/s and the average velocity also rapidly increased to approximately 7.5 m/s. The remaining parts of the sliding mass gathered and constantly moved downward (Figure 12b). (3) During the period of 100 s to 200 s, the northeastern part of the trailing edge completely separated from the slope and began to accumulate downstream near the Qingjiang River. The velocity also gradually decelerated to 2–4 m/s. The trailing edge of the sliding body formed a distinct steep scarp. The rest of the sliding mass continued to move downward until it reached the channel and gradually accumulated (Figure 12c). (4) In the propagation of the landslide, the velocity gradually decreased due to the collision and friction between particles. Most of the sliding mass began to accumulate in the downstream river channel. (Figure 12d,e). (5) After 700 s, most of the sliding mass had stopped moving and accumulated at the foot of the slope, and only a small amount of sliding mass continued to move down (Figure 12f,g). Finally, the sliding mass was deposited along the channel (Figure 12h). The time history of the average velocity and displacement of soil mass during different stages are shown in Figure 13. The velocity change at each stage is consistent with that in Figure 12. During the whole process, the peak velocity of the landslide body appeared in the second stage, which was 7.5 m/s, and the average runout distance of the landslide exceeded 1000 m.




4.2. Landslide Runout Behavior


To observe the detailed information of the landslide propagation, 15 monitored particles were set in the front, middle and rear parts of the sliding body, respectively. The trajectories of each monitored particle are shown in Figure 14, and the evolution of velocity and displacement is shown in Figure 15. It is obvious that the velocity of the monitored particles in the front was the largest. It reached a peak value of 16 m/s between 100 s and 200 s. During this time, the front particles moved rapidly towards the lower terrain. The displacement of the particles rapidly increased approximately linearly with time. Due to the gentle terrain at the foot of the slope, the velocity of the particles decreased rapidly until they came to a complete standstill (Figure 15a,b). In addition, the velocity of the particles in the middle and rear parts increased less than that of the front particles (Figure 15a–f). There are two peaks in the velocity histories of the particles in the middle part. The first peak occurred within the first 20 s. During this time, the motion of the particles in the middle parts was affected by the terrain. They collided and moved downwards. The velocity increased rapidly at short times, and the displacement increased linearly. The velocity of the particles gradually decreased as they moved into the flat terrain. At the same time, the inter-particle collisions were also weakened. After 300 s, the velocity reached a second peak as the particles travelled down the steep slope above the channel (Figure 15c). The motion process of the rear part of the sliding mass was similar to the middle part. Due to the higher initial elevation of these particles, the second velocity peak occurred later and the particles traveled the longest distance when they reached the river channel (Figure 15e,f). As shown in Figure 15g, there were two peaks in the velocity histories of all the monitored particles. In the initial stage, the landslide disintegrated and the particles collided violently. As a result, the velocity increased significantly and the first peak occurred. The second peak occurred when the particles rushed down the steep slope above the river channel. Eventually, all the particles stopped moving and piled up on the river bed (Figure 14).




4.3. The Morphology of the Landslide Deposits


In this study, the final morphology of the landslide deposits refers to the geometry of the sliding mass accumulated in the Qingjiang river channel. The morphology of the landslide deposits is usually described by the geometrical parameters of length, width and height. The final morphology of the Shaziba landslide obtained from the simulation is shown in Figure 16. The maximum length (B-b) and width (A-a) of the landslide deposits are approximately 386 m and 127 m, respectively. In addition, as shown in the profile of section A-a, affected by the river channel, the depth of the landslide deposits reaches a maximum of 19 m in the central part. The profile of section B-b shows that the depth of the landslide deposits is almost uniform, and the maximum depth is approximately 18 m. In general, deposits expand along the river channel from middle to both sides. The depth of the landslide deposits is larger in the lower places, and the area of deposits gradually decreases as the terrain increases. Figure 17 shows the simulated and measured landslide deposit area in the contour map of the slope. Through the comparison, it shows that the simulated landslide dam shape is in agreement with the measured results, though the size of the simulated dam is a little larger than the measured one.





5. Discussion


In this section, the mechanism of the landslide is further discussed based on the results of field investigations and numerical simulations. Moreover, numerical simulations of the Shaziba landslide were performed using different effective modulus to further discuss the effect of this parameter on the landslide propagation.



5.1. Mechanism of the Landslide


Landslides can be induced by many factors, such as rainfall, earthquakes and human activities [59,60]. Continuous rainfall can easily induce landslides, causing serious damage to the surroundings [61,62]. The study area Enshi was hit by heavy rainfall in the week before the Shaziba landslide occurrence. When rainfall infiltrates into the unsaturated soil of a hillslope, the increased water content of the soil leads to a loss of matric suction and then reduces the strength of the soil mass. On the other hand, the rainfall increases the soil weight and causes deformation of the slope, eventually triggering large-scale landslides. The results presented in this study show that the mechanism of the Shaziba landslide can be summarized as follows: (1) The average slope angle of the landslide area was 10–15°, and the sliding direction was consistent with the dip angle of the bedrock. Moreover, there was a nearly vertical scarp at the foot of the slope (Figure 8e), providing favorable terrain for landslide occurrence. In addition, the bedrock of the study area was dominated by Silurian strata, and the Quaternary deposits were widely distributed on the surface. The geological conditions made the study area prone to landslides. (2) Field investigation results show that the central and western parts of the Shaziba slope area had already experienced gradual deformation during the past years. The slope deformation was sensitive to seasonal variations, which are most pronounced during the rainy season. A week of heavy rainfall totally saturated the soils at the landslide location and greatly increased the underground water level. As a result, the effective stress and shear strength of the sliding zone soil decreased, and then triggered the slope failure. (3) After the slope failure, a steep scarp was formed on the trailing edge of the landslide (Figure 8d). Rainwater and surface water flows were rapidly accumulated. As a result, large amounts of water flowed into the landslide, significantly increasing the mobility of the landslide body and accelerating the movement. In conclusion, rainfall is a significant trigger of landslide disaster. Therefore, establishing a rainfall threshold for landslide occurrence at the regional level can contribute to disaster prediction and early warning.




5.2. Influence of the Effective Modulus on Landslide Propagation


The contact mode between particles (i.e., the collision and the friction) affects the dynamic behavior of particle system. The effective modulus is a key parameter of the contact model used in this work. Therefore, to further study the influence of the effective modulus on the propagation behavior of landslides, its value was set to 16 × 105 Pa, 16 × 106 Pa, 16 × 107 Pa, and 16 × 108 Pa, respectively. The final accumulation area, average velocity, and runout displacement of the landslide under different effective modulus are shown in Figure 18. When the effective modulus was set to 16 × 105 Pa, the particle system was loosely distributed in the accumulation areas. As the effective modulus increases, the distribution of particle system becomes more concentrated, and the height of the final landslide deposits increases (Figure 18a–d). Particularly, when the effective modulus increased to 16 × 108 Pa, due to the close contact of the particles, the velocity of the landslide significantly decreased. As a result, a large number of particles could not reach the river channel (Figure 18d). The results evidently show that the runout behavior of a landslide and the morphology of landslide deposits are closely related to the effective modulus in the contact model.




5.3. Limitations of the Modeling Approach


As a numerical software based on the DEM method, the PFC3D introduced in this study has obvious advantages in modeling extremely large deformation behaviors of geo-material. Therefore, it has been widely applied in the simulation of geological disaster propagation, such as flow-like landslides [53,57], rock avalanches [63,64], and debris flows [41,65] with both dry and saturated source materials. The validity and reliability of the PFC models have been extensively verified.



However, the limitations of the PFC model come to light during the application to a variety of landslide case studies. First, the relationship between the micro-parameters of the PFC particles with the macro-mechanical properties of the granular assembly remains unknown [66]. The determination of the micro-parameters in the model still needs theoretical support. Second, some important phenomena involved in landslide propagation, such as multi-phase interaction [67,68] and bed entrainment [69] are observed in field investigation but cannot be considered in the presented PFC model. Therefore, the performance of the model should be improved and further verified. Third, for rainfall-induced landslides, the shear strength of soil along the slip surface varies during rainfall due to the development of pore pressure. In the presented PFC model, the parameters of the soil keep the same during the simulation of landslide propagation, which may result in some numerical error. In addition, the computation efficiency of the PFC3D is quite low when a large number of PFC particles are generated for the three-dimensional modeling of large-scale landslides. Therefore, although the simulation results in this study are acceptable, much more attention and efforts should be paid to break through the above limitations and improve the model performance.





6. Conclusions


The Shaziba landslide was a typical rainfall-induced landslide in Enshi County, China that caused great damage to surrounding roads and buildings. To investigate the post-failure behavior of this landslide, a three-dimensional numerical model based on the PFC3D was presented to simulate the propagation of the landslide. The main conclusions drawn from this study are as follows:




	(1)

	
The Shaziba landslide is located in an area of Silurian strata, which is prone to landslides. Due the continuous heavy rainfall, the precipitation infiltration caused slope failure and triggered the large-scale landslide. After the landslide occurred, a steep scarp was formed on the trailing edge of the landslide. The sliding mass rushed into the Qingjiang River channel. Finally, a landslide dam formed, causing significant damage to the surroundings.




	(2)

	
The simulation results show that the whole process of the Shaziba landslide took approximately 1000 s. It can be divided into five stages: early accelerated deformation, disintegration at the trailing edge of the slide, runout along the main sliding surface, decelerated movement and final deposition stage. The average velocity of the landslide could reach up to 7.5 m/s, and the average displacement was approximately 1000 m. The landslide piled up along the Qingjiang River valley after the movement stopped. The thickness of the landslide deposits gradually decreased from the center to the sides. The maximum height of the landslide deposits was about 19 m. The length and width were approximately 108–127 m and 328–386 m, which is in good agreement with the field investigations.




	(3)

	
The runout behavior of a landslide and the morphology of landslide deposits are closely related to the effective modulus in the contact model of the PFC3D. As the effective modulus increases, the distribution of particles becomes more concentrated, and the height of the final landslide deposits increases. However, the velocity of the landslide significantly reduces.




	(4)

	
The results achieved in this study show that the PFC3D model can provide an effective tool for investigating the dynamic features of flow-like landslides and a means for mapping hazardous areas and estimating hazard intensity.
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Figure 1. Location of the Shaziba landslide. 
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Figure 2. Topographic map of Shaziba landslide and surrounding area: (a) top view of the Shaziba landslide and surrounding villages; (b) landslide dam on the Qingjiang River. 
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Figure 3. The geological map of the study area. 
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Figure 4. Accumulated and daily rainfall data of Shaziba landslide. 
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Figure 5. Silty clay in the landslide site. 
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Figure 6. Grain size distribution of the silty clay. 
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Figure 7. Three-dimensional topography of the landslide. 
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Figure 8. Damages caused by the Shaziba landslide: (a) cracks in the building; (b) ground cracks; (c) cracks near the houses; (d) main scarp of the landslide; (e) slip surface; (f) dammed lake. 
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Figure 9. Flow chart of PFC calculation. 
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Figure 10. PFC model of the Shaziba landslide with monitored particles. 
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Figure 11. Parameters calibration: (a) the model used in the biaxial compression tests, (b) Mohr failure envelopes. 
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Figure 12. Dynamic process of the Shaziba landslide (velocity nephogram): (a) t = 20 s; (b) t = 100 s; (c) t = 200 s; (d) t = 300 s; (e) t = 500 s; (f) t = 700 s; (g) = 900 s; (h) t = 1000 s. 
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Figure 13. Average velocity and displacement evolution during different stages. 
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Figure 14. The trajectory of the monitored particles. 
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Figure 15. The velocity and displacement histories of the monitored particles: (a) velocity history of particle ID 1-5; (b) displacement history of particle ID 1-5; (c) velocity history of particle ID 6-10; (d) displacement history of particle ID 6-10; (e) velocity history of particle ID 11-15; (f) displacement history of particle ID 11-15; (g) velocity history of landslide front; (f) displacement history in the front, middle and rear parts; (h) velocity history in the front, middle and rear parts. 
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Figure 16. The transverse and longitudinal slices of the landslide dam: (a) the simulated geometry of the landslide dam, (b) the transverse slice along the A-a section of the landslide dam, (c) the longitudinal slice along the B-b section of the landslide dam. 
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Figure 17. Comparison of the simulated and measured deposition zone of the Shaziba landslide. 
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Figure 18. Simulation results with different effective modulus of the particles: (a) emod = 16 × 105 Pa; (b) emod = 16 × 106 Pa; (c) emod = 16 × 107 Pa; (d) emod = 16 × 108 Pa. 
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Table 1. Parameters used in the numerical simulation.
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	Parameters
	Values





	Particle density (kg/m3)
	2100



	Effective modulus (Pa)
	16 × 107



	Normal-to-shear stiffness ratio (/)
	2



	Bond effective modulus (Pa)
	16 × 107



	Bond normal-to-shear stiffness ratio (/)
	2



	Friction coefficient (/)
	0.3



	Cohesion (Pa)
	3 × 104



	Tensile strength (Pa)
	1 × 105



	Friction angle (°)
	30
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