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Abstract

:

Boulders mixed with debris flows roll downstream under interactions with debris flow slurry, which poses a great threat to the people, houses, bridges, and other infrastructure encountered during their movement. The catastrophic debris flow in Zhouqu County, which occurred on 7 August 2010, was used as an example to study the motion and accumulation characteristics of boulders in debris flows. In this study, a fluid–solid coupling model utilizing the general moving objects collision model and the renormalization group turbulent model was used in the FLOW-3D software, treating boulders with different shapes in the Zhouqu debris flow as rigid bodies and the debris flow as a viscous flow. Numerical simulation results show that this method can be used to determine the motion parameters of boulders submerged in debris flows at different times, such as the centroid velocity, angular velocity, kinetic energy, and motion coordinates. The research method employed herein can provide a reference for studying debris flow movement mechanisms, impact force calculations, and aid in designing engineering control structures.
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1. Introduction


Debris flow is a common geological phenomenon in mountainous areas. Owing to the large amount of solid materials and their high flow velocity, the downstream houses, roads, bridges, and other infrastructure are seriously damaged every year [1,2,3].



The solid material source of debris flow is a typical wide graded soil. The size of the solid particles ranges from millimetre-level soil particles to boulders with a diameter of more than 10 m. Generally, the type of debris flow can be preliminarily determined according to the local geological conditions or the existing debris flow, such as the loess mud flow in the loess area of China and the viscous debris flow in Jiangjia Gully of Yunnan Province. The volume, quantity, and spatial distribution of solid particles in debris flow have certain regularity, but also have certain contingency. For example, the Zhouqu debris flow in Gansu Province in 2010 is a viscous debris flow in the loess area, but the debris flow material rarely contains a large number of boulders, which will significantly enhance the impact force and risk [4,5,6,7,8,9]. Therefore, it is necessary to study the impact characteristics of debris flow with different particle composition in order to prepare for local debris flow warning and engineering prevention.



Debris flows usually move rapidly along gullies under the action of gravity; the impact force of these flows can be regarded as being composed of debris flow slurry impact and boulder impact forces [10,11]. Although the number of massive rocks in debris flows is relatively small, their mass is large, they are submerged in the fluid, and are invisible to a certain degree; therefore, these rocks can potentially cause severe destruction. For example, on 9 July 1981, a debris flow broke out in the Liziyida gully of the Dadu River on Chengdu–Kunming Railway in Ganluo County, Sichuan Province. The boulders in the debris flow hit the bridge pier, causing a train to fall into the debris flow and resulting in the death of more than 400 people. On 11 July 2013, a large-scale debris flow occurred in the Qipan gully, Wenchuan, Sichuan Province. Many buildings were damaged by boulders. Debris flow impact is the most serious mode of debris flow destruction [12,13,14]. It is also a critical point of structural design and parameter selection in prevention and control engineering. Owing to the importance of debris flow impact, the calculation model and parameters of debris flow impact have become a topic of discussion in the research of debris flow [15,16]. At present, there are many studies on debris flow slurry, including flow velocity distribution and impact force calculations [17,18]. However, there are few studies on the motion characteristics and impact calculation of boulders in debris flows.



Hu et al. [19] conducted an on-site investigation of the Zhouqu debris flow and found that the shapes of the large rocks in the accumulation area are prismatic, pyramidic, and rhombic. Moreover, the impact force is closely related to the diameter of the boulders. Tan et al. [20] studied the impact of rocks on a flexible barrier through large-scale model tests. Su et al. [21] used the large-scale pendulum model to study the debris flow-entrained boulder impact on the new light-weight concrete foam. Toshiyuki et al. [22] used a discrete element method to calculate an interaction function force with respect to the contact point between boulders and an open sabo dam. Although the calculation of impact force of boulders in debris flow has been studied through field research, theoretical research, and model tests, there are some difficulties in the selection of parameters due to the complexity of debris flow movement. For example, the movement of large boulders under the action of debris flow slurry presents complex motion characteristics, and the motion velocity, which is an important parameter for calculating the impact force of the boulders, cannot be directly measured in most cases.



The movement of boulders is not only related to their diameters, shape, lithology, and density but also to external factors such as topography and geomorphologic characteristics, such as slope, curve, vegetation, and channel accumulation. The movement of boulders in a fluid will be affected by forces such as buoyancy, friction, impact force between rocks, and hydrodynamic pressure. Boulders in debris flows move by rolling, sliding, and bouncing. These modes of movement are influenced by many factors and exhibit complex three-dimensional motion characteristics. Such complex problems can be studied using numerical simulation methods. For example, Pudasaini used a fully analytical model to calculate the virtual mass force between the viscous fluid and the solid particles [23].



At present, there are few studies on boulder movement in debris flow, but there is substantial research on boulders or various tsunami-driven objects such as shipping containers, vehicles, boats, and trees near coastlines caused by storms or tsunami [24,25,26,27,28,29,30,31,32]. The research contents include the initiation, the transportation modes, hydrodynamic forces of boulders, or tsunami-driven objects and the influence of wave characteristics on their movement under the action of tsunamis [30,31,33,34,35,36,37]. For example, Oetjen et al. studied the influence of boulder shape and coastline type on the movement process of boulders under the action of tsunami through a flume model [38]. Zainali et al. studied the boulder dislodgement and transport by solitary waves with a three-dimensional numerical simulation model [39]. Istrati et al. [29] studied that if large debris impacts and jams a bridge at an off-center location then it generates significant roll and yaw moments that increase the individual forces inside the two supports of the structure and the likelihood of failure. Hasanpour et al. [30] proved that when large water debris (e.g., containers) impacts a column, it then generates large impulsive loads that are affected by the velocity and the pitching angle at the instant of the impact. This study was also the first one in the world to validate and prove the accuracy of a high-fidelity multi-physics method (coupled SPH–FEM) for simulating the debris flow structure interaction in a two-dimensional environment. Hasanpour et al. [31] found a very complex debris movement pattern around bridge superstructures, which introduced multiple impulsive forces both in the horizontal direction, and surprisingly in the upwards direction when the debris moved below the superstructure. Such debris effects in the vertical direction are not considered in any design guidelines at this point, making it difficult for engineers to design against them. Although there are some differences between the two research fields in terms of fluid media, the basic research methods are the same, which can provide reference for the study of boulders in debris flow.



In the study of landslide movement into rivers or lakes, numerical methods are also used to study the process of landslide movement or surge wave disasters. Yin et al. [40] studied the sliding motion of the Qianjiangping landslide using a fluid–solid coupling model of a general moving object (GMO) collision model and renormalization group (RNG) turbulent model, which provided an important reference for the study of waves generated by landslides. Ataie-ashtiani and Yavari-Ramshe [41] used numerical methods to study the effect of various sliding mass geometries on the wave height, wave run-up, and maximum wave height over a dam crest. Zhou et al. [42] and Hu et al. [43] simulated the landslide-generated wave processes at the Three Gorges Reservoir and Jinsha River using a fluid–solid coupling method by integrating the GMO collision mode. These studies showed that this numerical simulation method can be used to study complex problems such as fluid–structure coupling. There are also other numerical methods to solve such problems. For example, a multi-physics modeling approach of the coupled SPH–FEM can also be used to simulate the three-dimensional interaction of large debris with extreme flows generated by dambreaks by simulating (i) the fluid with SPH particles, (ii) the debris and the structure with continuum elements (FEM), and (iii) the coupling between the two via a penalty-based contact [37]. In this study, using the Zhouqu debris flow in 2010 as the research target, we studied the movement characteristics of boulders of different shapes under the interaction of debris flow. The RNG turbulent model in the FLOW-3D software was used to describe the motion of the debris flow, and the fluid–solid coupling model of the GMO collision model was used to describe the motion of boulders with different shapes. Using the above numerical models, the parameters of boulder movement under the action of debris flow, such as the velocity, angular velocity, kinetic energy, and movement distance, were obtained. The results of this study can provide a reference for studying the debris flow movement mechanism, impact force calculation, and risk assessment.




2. Background


At approximately 22:00 on 7 August 2010, torrential rain suddenly occurred in the northern mountainous area of the eastern part of Zhouqu County, Gansu Province. Ninety-seven millimetres of rainfall were recorded during this event, which lasted for more than 40 min, resulting in catastrophic mountain torrents in four gullies, including the Sanyanyu gully and Luojiayu gully (Figure 1). The debris flow was approximately 5 km long, with an average width of 300 m, an average thickness of 5 m, and a total volume of 7.5 million cubic meters. More than 5000 houses and other infrastructure were impacted and buried. The solid materials blocked the Bailong River, a tributary of the Jialing River, and formed a barrier lake. Power, transportation, and communication in the region were completely interrupted. A total of 1557 people were killed and 284 people were missing in the Zhouqu debris flow, the most serious debris flow event in China [44,45].



The Sanyanyu gully watershed in Zhouqu County, Gansu Province is a tributary of the left bank of the Bailong River, with a drainage area of 25.75 km2. The gully is generally distributed from south to north, with high terrain from north to south and low terrain from south to north, which is typical alpine canyon topography. The highest point of the basin is 3828 m above sea level and the lowest point is only 1340 m above sea level at the estuary, with a relative elevation difference of 2488 m. According to statistics, there have been many large-scale debris flows in this area and the “8.7” Zhouqu debris flow is the most serious debris flow disaster in the history of this area [46,47].



The Zhouqu debris flow caused the deposition of a large amount of material, and massive boulders mixed in the debris flow caused great damage to downstream buildings, prevention and control projects, and other infrastructure (Figure 2). Figure 2a shows a large number of huge boulders in the accumulation area, which pose a serious threat to the downstream buildings. The diameter of the boulder in Figure 2d is approximately 18 m; such a boulder could severely undermine the structural stability of the check dam in the event of a debris flow outbreak. At present, research on debris flow impact is mainly focused on debris flow slurry, and there is relatively little attention and research on the movement characteristics and impact of boulders submerged in debris flows.




3. Numerical Model of the Zhouqu Debris Flow


Owing to the limitations of traditional observation and theoretical methods, it is very difficult to study the movement characteristics of rocks submerged in debris flows. The numerical method can solve the nonlinear and complex fluid–solid coupling problem. To accurately predict the movement characteristics of boulders in the Zhouqu debris flow, the FLOW-3D software was applied to simulate the motion of boulders with different shapes under the action of the debris flow. The GMO and RNG turbulence models were used to present the boulders and debris flow, respectively. This model has been used to analyze the waves generated by landslides [40].



The RNG turbulence model was adopted to describe the movement of debris flow in Zhouqu County. This model can accurately simulate the movement characteristics of debris flow under the premise of a single-phase flow [48]. The two transport equations for the RNG model are as follows:
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where kT is the turbulent kinetic energy, VF is the fractional volume open to flow, and Ax, Ay, and Az are the fractional area open to flow in the x-, y-, and z-directions, respectively. PT is the turbulent kinetic energy production term, GT is the buoyancy production term, Diff is the diffusion term, and εT is the turbulence dissipation term. CDIS1 = 1.42, CDIS2, and CDIS3 = 0.2 are dimensionless parameters. CDIS2 is computed from the turbulent kinetic energy (kT) and turbulent production (PT) terms [48].



A GMO is a rigid body. It can be either fully dynamically coupled with fluid flow or be user-prescribed. The moving object can move with six degrees of freedom or rotate about a fixed point or a fixed axis. The GMO model allows users to simulate the motion of multiple moving objects simultaneously. Meanwhile, this model allows the user to define the rebound effect using the coefficient of restitution and coefficient of friction. The motion parameters of each object can be conveniently obtained.



Although the boulders are large in volume, they are relatively small in number and are often buried by the soil. In the field survey before the occurrence of debris flow, the boulders are not considered as an investigation item of debris flow source. At present, the study on the size and shape of boulders carried by the debris flow is only after the occurrence of debris flow, so the initial location and volume of boulders cannot be determined. In this study, four different shapes of boulders were defined in the GMO model. According to the results of the field investigation by Hu et al. [19], spherical, cuboid, rhombohedral, and cube-shaped boulders were adopted in the simulation. However, the initial positions were set by the authors to study the influence of the boulder shape on their movement characteristics. The boulder models were first established in AutoCAD software. Next, the STL file was exported and then imported into FLOW-3D software. The density of boulders was 2600 kg/m3 according to the field survey data. Owing to the large mass of the boulders, the restitution coefficients (e) and the friction coefficient (μ) used in the simulation are 0.10 and 0.35, respectively. The restitution coefficients (e) are the square root of the ratio of h2 to h1 (h1 is the height before the rebound, h2 is the height after the rebound), which is between 0 and 1. Due to the large mass of the boulders and the soft ground with water on its surface, we believe that the boulders basically have no rebound; therefore, this value is empirically obtained as 0.10. The friction coefficient (μ) is the ratio of the tangential force to the normal stress on the contact surface. Because there is no relevant research on this parameter, we used the friction coefficient of hard clay against the base of the retaining wall to approximate this coefficient. This value can be found in Table 6.6.5-2 of P44 of the National standard of the People’s Republic of China, Code for Design of Building Foundation [49]. The specific information of these boulders is shown in Figure 3.



The topographic map of the Zhouqu debris flow is based on digital elevation model (DEM) data, with a length of 6.412 km and a width of 5.25 km. The DEM terrain range and initial position of the boulders and debris flow boundary entrance (section A and B) are shown in Figure 4 and Figure 5b. There are four boulders in each simulation, and they are placed almost at the same position. The arrangement of the boulders is random, but the arrangement is the same in each simulation condition. Since the boulders travel relatively long distances, their initial arrangement is not very important in this simulation. However, it is necessary to make them basically at the same starting position, so as to better simulate the influence of the boulder shape on their motion characteristics. Owing to limited computer memory resources, five mesh blocks were used to divide the study area and the mesh cells in the simulation were 21,984,310 in total. The boulders moved from the initial position to the Bailong River and then stopped. The total calculation time was 220 s. Figure 5a,b show the meshing range of the simulation and the schematic diagram of rectangular debris flow inlet (section A and B), as shown in the red area in Figure 5b.



In the process of transportation of a natural debris flow, the density changes with the change in flow discharge, and its properties also change constantly. For various types of debris flows, different mathematical models are needed; the Bingham fluid, dilatant fluid, viscoplastic fluid, and Coulomb mixture models are usually used to describe the debris flow [50,51]. In this simulation, the Bingham debris flow model was selected, as shown in Equation (3).


  τ =  τ y  + η   d u   d y    



(3)




where τ is the shear stress, τy is the yield stress, η is the viscosity coefficient, and du/dy is the flow velocity gradient. According to the quantitative relationship between the yield stress and density for Jiangjia gully debris flows (Equation (4)) [52], as well as that between the stiffness coefficient and the yield stress for a debris flow density larger than 1300 kg/m3 (Equation (5)) [53], the following equations were used:


   τ y  = 0.0181 exp ( 0.004634 ρ )  



(4)






  η = 0.0048  τ y   



(5)




where τy is the yield stress, ρ is the debris flow density, and η is the viscosity coefficient. According to Equations (4) and (5), the simulation parameters of debris flow densities of 1200 kg/m3, 1500 kg/m3, 1800 kg/m3, and 2100 kg/m3 can be calculated, as shown in Table 1.



The initial boundary conditions of debris flow are determined according to the post-disaster field investigation results of Zhouqu debris flow by Hu et al. [54], and the specific parameters are shown in Table 2. The debris flow depth and velocity at the rectangular inlets (Figure 5b) remain constant throughout the simulation.




4. Results of the Simulation


4.1. Movement Process of the Boulders


Figure 6a shows the movement process of four types of boulders under the action of a debris flow with a density of 2100 kg/m3. In the simulation, the boulders are mainly arranged in the Dayanyu gully, the movement progress of which can be divided into two stages according to the obvious change in the terrain slope. In the first stage, the boulder moves in the circulation area where the Dayanyu gully and Xiaoyanyu gully intersect. In this stage, the terrain slope is relatively large, and the average gradient of the gully reaches 12%. In the second stage, the movement is in the accumulation area from the Sanyanyu gully to the Bailongjiang River and the terrain slope is relatively gentle with an average gradient of 9%. The obvious change in terrain slope in these two stages will have a great impact on the movement of boulders. In the simulation (Figure 6a), the debris flows in the Dayanyu gully and Xiaoyanyu gully began to converge after 30 s. When the simulation time was 90 s, the debris flow moved in the Sanyanyu gully with a gentle slope. When the simulation time was 180 s, the debris flow moved into the Bailongjiang River. According to the simulation, the surface velocity of the debris flow reached its maximum of approximately 30 m/s downstream of the intersection. After that, the flow velocity gradually decreased to 18 m/s. The boulders moved along the gully under the action of debris flow. At 30 s, the direction of the boulder movement began to turn due to the influence of terrain and moved downstream along the Sanyanyu gully and some boulders rolled into the Bailong River. By observing boulder movement under other simulation conditions, it can be seen that boulder movement is not only affected by the size, shape, and mass of the boulder, but also by topographic factors, the coupling effect of debris flow, and the collision of boulders in the movement process. Therefore, it is necessary to analyze the laws of the movement and accumulation of boulders from the changes in their motion parameters. Figure 6b show the snapshots of cube and spherical boulders flowing into the river for a debris flow of 2100 kg/m3.




4.2. Velocity Variation Characteristics of Boulders


4.2.1. Influence of Density


Figure 7 shows the changes in the centroid velocity of the boulders with debris flow densities of 1200 kg/m3, 1500 kg/m3, 1800 kg/m3, and 2100 kg/m3. It can be seen from Figure 7 that the velocity of the four shapes of boulders increases first and then decreases gradually, which is consistent with the change in terrain slope. At T = 75 s, the slope of the terrain gradually decreased, and the average velocity of the boulders gradually slowed to approximately 13 m/s (Figure 7a). In this stage, the motion velocity of the spherical boulder is essentially positively correlated with the increase in the debris flow density and the variation amplitude of the velocity is relatively small, whereas the motion velocity of other shaped boulders has little correlation with the debris flow density. Similar conclusions can be preliminarily seen from our previous research, that is, the motion velocity of spherical boulders is positively correlated with the density of debris flow [55]. In this study, the velocity of the spherical boulders is not only affected by debris flow density, but also by the irregular slope of natural terrain. Therefore, this correlation was not always valid in this study and we cannot give a specific correlation formula between them.




4.2.2. Influence of Shape


Figure 8 shows the changes in the centroid velocity of the four kinds of boulders with a specific debris flow density. As the movement of boulders is affected by a variety of factors and has complex three-dimensional characteristics, it is difficult to identify the change rule that is influenced by shape. Under the simulation condition of debris flow densities of 1200 kg/m3 and 2100 kg/m3, the velocity of cuboid and rhombohedron boulders reaches zero and stops first compared with the spherical and cube boulders (Figure 8a,b). This may be related to the inconsistency of the edge length of cuboid and rhombohedron boulders, which makes it difficult for them to move along a straight line. The spherical and cube boulders have a symmetrical appearance and can move longer distances under the same conditions.





4.3. Angular Velocity Variation Characteristics of Boulders


4.3.1. Influence of Density


Figure 9 shows the variation in the angular velocity of the boulders with time under the condition of density change. It can be seen from the curves in Figure 9 that the angular velocity of spherical boulders has a small fluctuation amplitude with time, whereas the angular velocity of cuboid, rhombohedron, and cube boulders presents a peak pattern of “increasing-decreasing” throughout the movement process. This is mainly because under the action of debris flow, when the centre of gravity of the cuboid, rhombohedron, and cube boulders passes over the bottom edge, it decreases under the action of gravity, and the angular velocities first increase and then decrease rapidly when it touches the ground. However, the height of the centre of gravity from the ground for the spherical boulder did not change during the movement. Therefore, the curves of the angular velocity of the spherical boulder will not present a “peak.” When the terrain slope is large (T = 0–75 s), the angular velocity of the sphere increases rapidly, whereas the increase of angular velocity for the cuboid, rhombohedron, and cube boulders is relatively small (Figure 9b–d). This is because the edges and corners of the boulders hinder its rolling, making the boulder move in a rolling and sliding manner. When the terrain slope is less (T = 75–220 s), the angular velocity of spherical boulders increases with the increase in flow density, but it is difficult to observe this phenomenon for other boulders with edges and corners, which is mainly related to the shape of the boulders.




4.3.2. Influence of Shape


Figure 10 shows the angular velocity curves of different shapes of boulders under the conditions of debris flow density of 1200 kg/m3, 1500 kg/m3, 1800 kg/m3, and 2100 kg/m3. It can be seen from the figures that the angular velocity of spherical and cube boulders is greater than that of boulders of other shapes most of the time under four kinds of flow densities, with the angular velocity of the cuboid boulder being the smallest. This is because the shape of the boulder with spherical symmetry and the smoothness of its surface has an important influence on its angular velocity. The spherical boulder not only has a spherically symmetrical shape but also has a smooth surface; therefore, the angular velocity is the largest. Although the axis of symmetry of the cube boulder is the same in length and approximately spherically symmetric, the surface is not smooth enough. The length of the symmetry axis of rhombohedron boulder is different but the surface is smooth. However, the length of the symmetry axis of a cuboid boulder is not the same and the surface is not smooth. Therefore, most of the time, the angular velocity of the cuboid boulder is the least.





4.4. Kinetic Energy Variation Characteristics of Boulders


Boulders roll forward under the action of debris flow slurry. They have a very large kinetic energy and pose a great threat to buildings. According to the above analysis, the kinetic energy of the boulders mainly includes two aspects, namely the translational kinetic energy and the rotational kinetic energy of the boulder, as shown in Equation (6):


   E k  =  1 2  m  v 2  +  1 2   I c   ω 2   



(6)




where m is the mass of the rigid boulders, v is the velocity of the centre of mass, Ic is the rotational inertia of the rigid body to the centroid axis, and ω is the angular velocity of the rigid boulders.



4.4.1. Influence of Density


Figure 11 shows the kinetic energy curve of the four kinds of boulders under different flow density conditions. The change curve of boulder kinetic energy is very similar to that of the centroid velocity of boulders. This indicates that the translational kinetic energy of boulder motion accounts for most of the total kinetic energy.




4.4.2. Influence of Shape


Figure 12 shows the kinetic energy of different shapes of boulders under debris flow density of 1200 kg/m3, 1500 kg/m3, 1800 kg/m3, and 2100 kg/m3. It can be seen from the figures that the kinetic energy of the sphere is far greater than that of other shapes of boulders, which is related to its larger mass. In addition, the kinetic energy also decreases after the slope becomes gentle, which indicates that the terrain slope has a great influence on the velocity and kinetic energy of boulders. Therefore, corresponding engineering measures can be adopted to reduce the energy of boulders in the debris flow, such as the use of check dams to block the boulders in the channel or the installation of concrete retaining walls and deceleration baffles in front of buildings to absorb the energy [56].






5. Discussion


5.1. Boulder Movement Range


Owing to the potential danger of boulders submerged in debris flows, the possible threat range of boulder movement can be obtained through multiple simulation calculations of boulder movement. According to the above research on the velocity, angular velocity, and kinetic energy of boulders, the movement of boulders in debris flows is affected by many factors, and it is very difficult to determine the movement parameters of boulders. Therefore, multiple simulation methods can be used to obtain the range of motion parameters, such as the upper limit of the centroid velocity (Figure 7 and Figure 8), which can provide effective parameters for the design of debris flow engineering measures. In addition, the possible threat range of boulder movement can be obtained based on multiple simulations, as shown in Figure 13, which can provide references for the long-term planning of infrastructure such as houses, schools, and factories.




5.2. Boulder Movement Distance


5.2.1. Influence of Density


The change curves of the movement distance of the boulders under different density conditions can be obtained by calculating the movement distance between two adjacent time intervals according to Equations (7) and (8):


   D n  =     (  X n  −  X  n − 1   )  2  +   (  Y n  −  Y  n − 1   )  2  +   (  Z n  −  Z  n − 1   )  2     



(7)






   S n  =   ∑  i = 1  n    D i     



(8)




where Dn is the distance between the nth point and the n-1th point, Xn, Yn, and Zn are the spatial coordinates of the nth point, and Sn is the total distance from the nth point to the initial position.



It can be seen from Figure 14 that when the terrain slope is large (T = 0–75 s), the movement distance curves almost overlap, indicating that the debris flow density has a relatively small influence on the movement distance for different boulder shapes. However, when the terrain gradient becomes gentle (T = 75–225 s), the movement distance curves of different shapes of boulders gradually separate, and the value of some curves stops changing, indicating that the boulders stop moving. This phenomenon implies that when the slope is large, the appearance characteristics of the boulders have less influence on the movement distance and when the slope is less, the influence of the appearance characteristics of the boulders is greater. This is because when the slope is large, the gravity component of the boulder can be greater than the resistance of the boulder’s appearance, and when the slope is less, the dynamics of the boulder’s movement are insufficient, and the resistance brought by its appearance and shape will cause it to stop moving.



It can also be seen from Figure 14 that the greater the density of debris flow, the farther the spherical and cubic boulders travel (Figure 14a–d); however, the moving distance of rhombohedron and cuboid boulders may be closer (Figure 14b,c). We believe that the shapes of the spherical and cube shaped boulders are basically symmetrical and can maintain the same flow direction as the debris flow. The greater flow density will cause them to move further. However, the movement direction of the cuboid and rhombohedron boulders and the flow direction of debris flow cannot be completely maintained due to their appearance characteristics. The greater density of debris flow can cause them to move at a faster velocity, potentially pushing out of the fluid range of the debris flow and stopping moving.




5.2.2. Influence of Shape


Figure 15 shows the variation curves of the movement distance of boulders with different shapes under the conditions of debris flow density of 1200 kg/m3, 1500 kg/m3, 1800 kg/m3, and 2100 kg/m3. From Figure 15, it can be seen that the spherical and cube boulders have a longer movement distance, whereas the cuboid and rhombohedron boulders have lesser movement distance and some of them will stay in the accumulation area. This is because the closer the boulder shape is to the spherical symmetry, the smoother the surface is, and the greater the cumulative movement distance is. In the movement process, a boulder with a non-spherical shape may not be able to move in a straight line due to its appearance. Instead, it may move to one side of the gully, out of the range of the debris flow, and may stop due to lack of dynamics. On the other hand, the gravity center of the cuboid and rhombohedron boulders will fluctuate up and down during the rolling movement, while the height of the gravity center of the spherical boulder will remain unchanged during the movement. Therefore, a part of the kinetic obtained from the debris flow of the cuboid and rhombohedron boulders used to overcome the acting of its gravity, thus reducing the kinetic energy obtained in the horizontal direction. This is also an important reason for their small moving distance [31,57]. These simulation results are essentially consistent with the field research of Hu et al. [19] that most of the boulders in the accumulation area are cuboid and rhombohedron boulders.





5.3. Dynamic Impact Force of the Boulders


The impact force of debris flow can be divided into two kinds: one is the dynamic pressure load of debris flow fluid, the other is the impact force load of the boulders in the debris flow slurry. The dynamic pressure load of debris flow fluid was initially based on the one-dimensional static fluid model [58], and then some empirical models suitable for different conditions were developed on this basis [59]. The calculation of the impact force of boulders in debris flow includes the theoretical model of elastic spherical impact force, the calculation formula of the impact force of plastic plane and rigid sphere, and the calculation formulas of cantilever beam and simply supported beam impacted by boulders [60]. In addition, the impact force of debris flow slurry and boulders can be obtained through the numerical simulation [61,62,63]. The difficulty in calculating the impact force of boulders in debris flow is to determine the movement velocity of boulders under the influence of multiple factors and calculate the impact duration of interaction with infrastructures. The simulation method adopted in this study can obtain the velocity variation process well under the coupling of boulder and debris flow slurry, which can provide reference for engineering prevention and control. According to the momentum theorem Ft = mv2 − mv1, the collision force between a boulder and a structure is inversely proportional to its collision time. We assume that the velocity of the boulder is zero after the collision, and compare the impact force of the rhombohedron boulder when the three collision durations are 0.1 s, 0.3 s, and 0.6 s. The simulation results show that the velocity of rhombohedron boulder is 14.64 m/s when t = 150 s under the action of debris flow with a density of 1800 kg/m3. It can be calculated that the impact force of the rhombohedron boulder on a structure is 4.94 × 107 N, 1.65 × 107 N, and 0.82 × 107 N when the interaction time is 0.1 s, 0.3 s, and 0.6 s, respectively. The impact force of the rhombohedron boulder can reach six times when the action time is reduced from 0.6 s to 0.1 s. Therefore, reducing the rigid collision between boulders and buildings can effectively reduce the impact force on infrastructures from the perspective of engineering protection. In engineering practice, decelerating obstacles such as waste tires, mounds, or concrete piers can be arranged in front of the protected objects to absorb the impact of boulders.




5.4. Limitation of the Study


Through the above simulations, it can be seen that the fluid–solid coupling model applied in this study can be used to obtain the movement parameters of boulders submerged in debris flows. The research results can reveal the movement mechanism of boulders in debris flows and provide a reference for engineering design. However, due to time constraints, resources, and other aspects, this study has some limitations, including the following: (1) although this study is based on the Zhouqu debris flow, the scanning model of the on-site boulders is not adopted for certain reasons; thus, the boulder model adopted in the simulation is somewhat different from reality; moreover, there is no observation data on the movement of boulders in debris flows; therefore, the simulation results cannot be directly verified; (2) the topographic map data of the Zhouqu County area used in the simulation are not accurate enough, which may affect the simulation results; (3) limited computing resources led to a certain difference between the boulder model and the imported STL file after meshing, which will have a certain influence on the calculation results; (4) mesh sensitivity studies will be conducted in the future to ensure that the results do not depend on discretization, so as to improve the reliability and computational efficiency of numerical results. In the follow-up research, we will solve the above problems to make the simulation results closer to the real situations.





6. Conclusions


Based on the results of relevant references and numerical simulation analysis on the motion characteristics of boulders with different shapes that interact with debris flow in Zhouqu County, the following conclusions can be drawn:




	(1)

	
The motion characteristics of boulders in the 8.7 Zhouqu debris flow were simulated using FLOW-3D software with the GMO and RNG coupled models. The simulation results can be used to obtain various motion parameters of the boulders that interact with the debris flow slurry, such as the centroid velocity, angular velocity, kinetic energy, and motion trajectory. This method has a certain reference for studying the movement mechanism of debris flow.




	(2)

	
The simulation results show that the movement velocity of boulders is affected by many factors such as terrain conditions, debris flow densities, and shapes of the boulders. When the terrain slope is relatively large, the boulders have greater potential energy, and the influence of terrain on the movement velocity of boulders is greater than that of debris flow density and boulder shape. When the slope is less, the appearance of boulders has a great influence on its movement. The velocity of a spherical boulder increases with debris flow density. However, the movement of cuboid, rhombohedron, and cube boulders presents a complex motion state, and it is difficult to predict the change law of their velocity.




	(3)

	
The simulation results show that the angular velocity of the spherical boulder fluctuates slightly with time during the whole movement progress, whereas the angular velocity of the cuboid, rhombohedron, and cube boulders fluctuates continuously during the movement, presenting a peak form of “increasing-decreasing.” In addition, in most cases, the angular velocity of the spherical and cube boulders is larger than that of the cuboid and rhombohedron boulders. This indicates that the angular velocity variation law of boulder motion is related to whether the shape of the boulder is spherically symmetric, as well as the smoothness of the surface.




	(4)

	
The simulation results show that motion distance is greatly influenced by the terrain slope and shape of the boulders. When the topographic slope is relatively large, the debris flow density and appearance characteristics of boulders have little influence. As the slope decreases, the boulders will gradually stop owing to insufficient dynamics. Moreover, the movement distance of the spherical and the approximately spherically symmetric cube boulders are greater than those of the cuboid and rhombohedron boulders. The accumulation characteristics of boulders in the simulation are generally consistent with the field investigation results.




	(5)

	
Although the results of this study have simulated the coupled motion of debris flow and boulders under the influence of multiple factors, there are still some deficiencies in this study, such as the inaccuracy of the topographic map, limited computational resources, and boulder modeling. Further improvements can be made in subsequent studies.
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Figure 1. Location and terrain of the Zhouqu County (from Google Earth, 2019). 
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Figure 2. Picture of the Zhouqu debris flow: (a) boulders left in the accumulation area after the Zhouqu debris flow, (b,c) boulders in the gully, and (d) a boulder approximately 18 m in diameter upstream of a check dam. 
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Figure 3. Parameters of boulders (the origin of x and y coordinates is the left and lower side of the DEM model, and z is the elevation). 
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Figure 4. Digital elevation model (DEM) of the Zhouqu debris flow. 
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Figure 5. (a) Meshing range of the simulation; (b) schematic diagram of debris flow inlet, as shown in the red area. 






Figure 5. (a) Meshing range of the simulation; (b) schematic diagram of debris flow inlet, as shown in the red area.



[image: Water 14 03884 g005]







[image: Water 14 03884 g006 550] 





Figure 6. Simulation results. (a) instantaneous images of debris flow and boulder movement at different times for a debris flow of 2100 kg/m3; (b) snapshots of cube and spherical boulders flowing into the river for a debris flow of 2100 kg/m3. 
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Figure 7. Influence of debris flow density on movement velocity of boulders with different shapes of boulders: (a) spherical, (b) cuboid, (c) rhombohedron, (d) cube. 
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Figure 8. Influence of boulder shape on movement velocity under different density conditions: (a) ρ = 1200 kg/m3, (b) ρ = 1500 kg/m3, (c) ρ = 1800 kg/m3, and (d) ρ = 2100 kg/m3. 
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Figure 9. Influence of debris flow density on angular velocity of boulders with different shapes: (a) spherical, (b) cuboid, (c) rhombohedron, and (d) cube. 
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Figure 10. Influence of boulder shape on angular velocity under different density conditions, (a) ρ = 1200 kg/m3, (b) ρ = 1500 kg/m3, (c) ρ = 1800 kg/m3, and (d) ρ = 2100 kg/m3. 
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Figure 11. Influence of debris flow density on kinetic energy of boulders with different shapes, (a) spherical, (b) cuboid, (c) rhombohedron, (d) cube. 
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Figure 12. Influence of boulder shape on kinetic energy under different density conditions: (a) ρ = 1200 kg/m3, (b) ρ = 1500 kg/m3, (c) ρ = 1800 kg/m3, and (d) ρ = 2100 kg/m3. 
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Figure 13. Movement tracks of the boulders under different simulation conditions. 
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Figure 14. Influence of debris flow density on movement distance of boulders with different shapes: (a) spherical, (b) cuboid, (c) rhombohedron, and (d) cube. 
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Figure 15. Influence of boulder shape on movement distance under different density conditions, (a) ρ = 1200 kg/m3, (b) ρ = 1500 kg/m3, (c) ρ = 1800 kg/m3, and (d) ρ = 2100 kg/m3. 
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Table 1. Numerical simulation parameters of the Bingham debris flow.
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	Condition
	Debris Flow Density (kg/m3)
	Yield Stress η (Pa)
	Viscosity Coefficient (Pa·s)





	1
	1200
	4.706
	0.023



	2
	1500
	18.900
	0.091



	3
	1800
	75.900
	0.364



	4
	2100
	304.770
	1.463
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Table 2. Boundary conditions of numerical simulation.






Table 2. Boundary conditions of numerical simulation.





	Debris Flow Inlet
	Extent of the Rectangular Inlet (m)
	Inlet Width (m)
	Depth of Debris Flow (m)
	Debris Flow Velocity (m/s)





	A
	x direction: 2062–2200

z direction: 1724–1732
	138
	8.0
	7.10



	B
	X direction: 2734–2832

z direction: 1730–1736
	98
	6.0
	5.80
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