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The dynamics of debris flow impact considering the material source erosion-entrainment process is analyzed using a coupled SPH-DEM-FEM method. A complex coupled dynamic model of a debris flow, the erodible material source, and a rigid barrier is established in this paper. The applicability of the coupled SPH-DEM-FEM method for calculating the impact force of debris flow on the rigid barrier is verified by comparing the model with the laboratory test. The strain softening model is used to simulate the process from solid state to transition state and finally to liquid state of erodible material source. The impact force caused by debris flow considering the source erosion-entrainment process and the dynamic response of a rigid barrier is also analyzed. The results show that the volume of debris fluid, impact force, and dynamic response of a rigid barrier considering source erosion–entrainment are significantly greater than those of the original model. According to the calculation results, the existing formula for the impact force of a debris flow is then modified. The coupled numerical analysis method and the calculated results help to clarify the influence of erosion-entrainment, modify the calculation of the impact force of debris flow, and optimize the design of the rigid barrier.
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1 INTRODUCTION
Debris flows are widespread in mountainous areas around the world. It is a unique flood caused by rainstorms and earthquakes (Yin et al., 2016). A debris flow typically is high-speed, has a large volume of sediment and water, and is highly destructive. It can produce a tremendous impact on structures along the way (Tang et al., 2012). The initial volume does not always determine the debris flow volume, according to the literature (Hungr et al., 2005; Wang et al., 2021; Lei et al., 2022). In general, debris flows with small initial volumes can rapidly increase by several or even tens of orders of magnitude in volume through source erosion and entrainment processes (Shang et al., 2003; Wang et al., 2003; Zaginaev et al., 2019; Wang et al., 2022). Source erosion and entrainment processes significantly increase the debris flow volume and impact, which should be considered in the dynamic model (Chen et al., 2006; Wang et al., 2020; Guo et al., 2022; Wang et al., 2022; Wang et al., 2023).
Debris flows erosion and entrainment of the material are caused by the high-speed collision between debris flow particles and the fluidization effect on the erodible material source (Federico and Cesali, 2015; Wang et al., 2021). When a debris flow passes through an erodible material source, it erodes if the shear stress on the source body is greater than the strength of the material source (Armanini et al., 2009; Luna et al., 2012). At this point, the erodible material source changes from a solid state to a transition state. Fluidization occurs when the erodible material source is eroded, and entrainment occurs and forms part of the debris flow. At this point, the erodible material source changes from a transition state to a liquid state (Mangeney et al., 2007; Mangeney et al., 2010; Li et al., 2022a). To improve the reliability of the debris flow dynamic model, a complex constitutive model of the erodible material source should be considered (Lee and Jeong, 2018). Research on the impact force of debris flows considering the erosion—entrainment process is performed through theoretical research, laboratory tests, and numerical simulations (Gao et al., 2017; Choi et al., 2021). However, the research and application of complex constitutive model of erosion is limited.
The impact force caused by debris flow causes the barrier to break, so the theoretical calculation of the peak value of debris flow impact force is essential (Scheidl et al., 2013; Thouret et al., 2020). Hydrostatic, hydrodynamic, and hybrid theories are commonly used to calculate the peak impact force (Calvetti et al., 2017; Li S. et al., 2020; Sha et al., 2023). Hydrostatic theory estimates the impact pressure by considering the empirical coefficient k based on static pressure (Armanini, 1997; Proske et al., 2011; Bugnion et al., 2012). Fluid dynamics theory is derived from the momentum conservation equation and is the peak impact pressure theory related to the flow rate change rate and impact pressure (Hungr et al., 1984; Hu et al., 2011; Scheidl et al., 2021). The hybrid theory of debris flow considers both hydrostatics and hydrodynamics theories. By adding or multiplying the two theories, a calculation model suitable for the actual situation in the field can be obtained (Arattano et al., 2003; Huang et al., 2007). However, the theory of debris flow impact force considering erosion is relatively little in the present literature. Moreover, the impact of the impact coefficient of debris flow needs further study (Liu et al., 2020; Roelofs et al., 2022).
Many researchers have conducted laboratory tests on debris flow considering the erosion-entrainment process (Hungr et al., 1984; Mangeney et al., 2010; Lee et al., 2022). Mangeney et al. (2010) conducted laboratory tests on the debris flow erosion-entrainment process to study the influencing factors such as topographic slope, flow distance, and thickness of the erodible layer. The results indicated that the erosion process increases liquidity by almost 40%. Haas et al. (2016) studied the influence of different types of debris flow on the erosion-entrainment process. It was concluded that the average erosion depth increased with increased water content and particle size. Tian et al. (2014) studied the calculation of debris flow resistance during the erosion-entrainment process. The literature shows that fluid resistance on an erodible material source was significantly greater than that of a rigid rock bed. The calculation formula of debris flow resistance considering the erosion-entrainment process was obtained through dimensionless multiple regression analysis. However, there are many factors influencing the laboratory tests of debris flow erosion and the test are relatively expensive (Fuchu et al., 1999).
Many scholars have used numerical methods to study the debris flow impact in the erosion-entrainment process (Peng et al., 2011; Fan et al., 2019; Li X. et al., 2022). Due to the entrainment process of debris flow erosion and the complexity of its interaction with a barrier, the mixed media method has a natural advantage (Liu and He, 2020). Lee et al. (Lee and Jeong, 2018; Jeong and Lee, 2019; Lee et al., 2019) conducted a series of studies on the impact of debris flow and barrier in the erosion-entrainment process by adopting the coupled CEL method. The traditional static impact force model was modified by coupling numerical analysis. Leonardi et al. (Leonardi et al., 2013; Leonardi et al., 2015; Leonardi et al., 2016) used the coupled LBM-DEM to calculate the numerical value of a debris flow. The calculation results provided an essential reference for considering the interaction between debris flow and the barrier in the erosion-entrainment process. The failure mechanism of the barrier was also analyzed. Li et al. (2018) adopted the coupled CFD - DEM to study the interaction between debris flow and the barrier. A debris flow study considering the erosion process was performed. The research results helped to determine the impact force of debris flow. Li et al. (Li B. et al., 2020; Li et al., 2022b) adopted the SPH-DEM-FEM method to study the interaction model of two-phase debris flow and the barrier. The research results were of great significance to the design of the barrier. However, current research focuses on the effect of single-phase flow on erosion. Literature on the effects of two-phase flow on erosion is relatively rare.
In summary, current research on the interaction between debris flow and the barrier in the erosion-entailing process primarily uses laboratory experiments, while coupled numerical analysis methods are rarely used. Coupled SPH-DEM-FEM technology can be well adapted to the simulation and calculation in the complex case of particle-fluid-structure. The coupled SPH-DEM-FEM method cannot only avoid the mesh distortion and analysis failure of two-phase debris flow but also accurately simulates the strain softening model of erodible material source and accurately calculate the barrier (Li et al., 2022b). This technique can be used to construct and calculate the complex coupled dynamic model of debris flow, erodible material source, and rigid barrier.
2 COMPUTATIONAL ASSUMPTIONS AND CONSTRUCTION OF COUPLED NUMERICAL MODEL
2.1 Computational assumptions
The following calculation assumptions were made for debris flow and the barrier model considering erosion-entrainment processes.
1. Because the actual source of erodible material is rock mass, deformation can be neglected. The bottom of the channel is simplified as rigid material in this paper.
2. Because the movement law of the material source satisfies Newton’s second law when the debris flow starts, to simplify the complexity of the model, the DEM is used to calculate.
3. The main research objects are the impact force of debris flow and the dynamic response of the barrier, so the channel is simplified.
4. Due to the considerable differences in the performance of particles, fluids, and barrier structures, the SPH-DEM-FEM coupled numerical analysis method is used for numerical analysis and calculation to reflect their respective characteristics.
Based on the above calculation assumptions and model simplification, the schematic diagram of the interaction model between debris flow and the barrier considering the erosion-entrainment process is shown in Figure 1. The erodible material source was calculated by the SPH method and strain softening constitutive model. The DEM numerical analysis method was used to analyze the loose material source particles during debris flow initiation. The barrier and channel were numerically simulated by the finite element method.
[image: Figure 1]FIGURE 1 | Schematic diagram of the erosion-entrainment model.
2.2 Construction of DEM model for debris flow particles
Because the motion of debris f l o w particles conforms to Newton’s second law, DEM is used for calculations, as shown in Eq. 1 (Džiugys and Peters, 2001):
[image: image]
Where [image: image] and [image: image] are the mass and translational acceleration of the debris flow particles, respectively; [image: image] and [image: image] are the moment of the inertia and rotational acceleration of the tdebris flow particles, respectively; [image: image] and [image: image] are the normal and tangential contact forces of the debris flow particles on adjacent particles I, respectively; [image: image] is the moment of action of the debris flow particles on adjacent particles.
The resultant external force and torque on debris flow particles are shown in Eq. 2:
[image: image]
In the formula, [image: image] is the friction force; [image: image] and [image: image] are the contact forces.
2.3 Construction of SPH model for debris flow fluid and erodible material source
The debris flow fluid and erodible material source body are constructed using the SPH method, and the approximate function of the example is shown in Eq. 3 (Li B. et al., 2020):
[image: image]
The function W can be expressed by Eq. 4:
[image: image]
Where h is the smooth length and d is the dimension.
The smooth kernel function adopts Eq. 5:
[image: image]
Where C is a constant.
2.4 Construction of SPH-DEM-FEM coupling mode
The algorithm between debris flow particles and a rigid barrier is calculated by Eq. 6 (Li et al., 2022a):
[image: image]
Where fa is the load of FE; fb is the contact force among DEM-FEM.
The coupling algorithm between debris flow fluid, erodible material source and a rigid barrier is calculated with Eq. 7:
[image: image]
Where F is the external load; FC is the contact force among SPH-FEM.
The coupling algorithm between debris flow fluid, erodible material source body, and debris flow particles is calculated using Eq. 8 (Li et al., 2022a). The schematic diagram of SPH-DEM-FEM coupling numerical model is shown in Figure 2:
[image: image]
Where, b, s and f represent FE, DEM and SPH.
[image: Figure 2]FIGURE 2 | Schematic diagram of SPH-DEM-FEM coupling numerical model.
2.5 Constitutive model of erodible material source
Erosion occurs when the shear stress exerted by debris flow on an erodible material source exceeds the strength of the material source. It goes from a solid state to a transition state. Then entrainment is generated and transformed into a flow state. In this paper, the strain softening model proposed by Lee et al. (Lee and Jeong, 2018; Jeong and Lee, 2019; Lee et al., 2019) is used to simulate the erosion-entrainment process. The strain softening model of an erodible material source is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Strain softening model of an erodible material source Lee et al. (2019).
3 MODEL VERIFICATION
3.1 DEM-FEM debris flow model verification
The indoor debris flow impact tests conducted by Jiang et al. (2013) were used to verify the model. The schematic diagram of the indoor test is shown in Figure 4. The DEM-FEM coupling numerical model is consistent with the indoor test. The channel is 2.93 m long. The gradient of the channel is 40°, and the initial source volume is 0.019 m3. The diameter of debris flow particles ranges from 10 mm to 25 mm. As the proportion of particles less than 10 mm in the sample is relatively low, the particles less than 10 mm are ignored in this paper.
[image: Figure 4]FIGURE 4 | Schematic diagram of laboratory test of debris flow Jiang et al. (2013).
The simulation parameters are consistent with the indoor test and simulation parameters conducted by Jiang et al. (2013). The whole process of the test is entirely reproduced by using the coupled DEM-FEM method. The initial volume and starting conditions of debris flow in the DEM particle simulation test are consistent with the test. Because the fraction of particles below 10 mm in the sample is relatively low, the fraction smaller than 10 mm is ignored in the numerical simulation. The slope of the debris flow channel is 40°, and a rigid body element is used for simulation. The geometric model is shown in Figure 5A, and the mesh model is shown in Figure 5B.
[image: Figure 5]FIGURE 5 | The coupled DEM-FEM numerical model of debris flow impact (A) Geometric model (B) Mesh model.
The barrier structure material of the numerical model is consistent with the test. C40 concrete is selected, and the elastic model is used as the constitutive model. The specific material parameters are consistent with the literature (Jiang et al., 2013). DEM particles are adopted for debris flow, and the elastic model is adopted for the constitutive model. As the minimum dry weight in the test is 1,350 kg/m3, the DEM particle density is set as 2,500 kg/m3 according to the literature. The friction coefficients of particle, rigid barrier, and channel are 1.4, 0.466, and 0.384, respectively. The specific parameters are consistent with the numerical simulation parameters conducted by Shen et al. (2018) and Law (2015), as shown in Table 1.
TABLE 1 | DEM-FEM coupling numerical simulation parameters.
[image: Table 1]The effectiveness of the DEM-FEM coupling method is verified by comparison with the impact test of debris flow, as shown in Figure 6. Figure 6A shows the indoor test results, and Figure 6B shows the simulation results. The impact process and debris flow shape of numerical simulation laboratory test results are consistent with those of laboratory physical model tests. The process of debris flow impact in different time periods is compared in the paper, and the experimental results are basically consistent with the numerical simulation results.
[image: Figure 6]FIGURE 6 | Comparison of debris flow impact process: (A) Laboratory test Jiang et al. (2013); (B) Numerical simulation results.
Figure 7 shows the time history curves of the impact force for the indoor test and the numerical simulation. The two time history curves are in agreement. Although there are some errors in the comparison results, the error rate ranges between 2.1%–7.7%, indicating the model’s applicability and reliability.
[image: Figure 7]FIGURE 7 | Comparison of the time history curves of the indoor test and numerical simulation impact force.
3.2 Verification of SPH-FEM debris flow model
The debris flow indoor test conducted by Moriguchi et al. [54] is used for model verification. Figure 8 shows the laboratory test. The coupled SPH-FEM model is consistent with the indoor test. The length of the debris flow flume is 1.8 m, the width is 0.3 m, and the slope is adjustable between 45° and 65°.
[image: Figure 8]FIGURE 8 | Laboratory test diagram of debris flow (Moriguchi et al. [54]).
The simulation parameters are consistent with the indoor test of debris flow conducted by Moriguchi et al. (2009). The whole test process is entirely reproduced by the coupling SPH-FEM numerical analysis method. The initial volume and starting conditions of debris flow in the SPH particle simulation test are consistent with the test. The adopted slope of the debris flow flume varied between 45°, 50°, 55°, 60°, and 65°. The geometric model is shown in Figure 9A, and the mesh models are shown in Figure 9B. The numerical model parameters are entirely consistent with the test [54]. The simulation parameters are shown in Table 2.
[image: Figure 9]FIGURE 9 | The coupled SPH-FEM numerical debris flow impact model (A) Geometric model (B) Mesh model.
TABLE 2 | The coupled SPH-FEM numerical simulation parameters.
[image: Table 2]The comparison of the impact process between the indoor test and numerical simulation of debris flow at different times (t=0.4 s, t=0.8 s, t=1.2 s, t=1.6 s) is shown in Figure 10. Figure 10A shows the impact process of the laboratory test, and Figure 10B shows the impact process of coupled numerical simulation. The impact process of the indoor test is consistent with the coupled numerical simulation.
[image: Figure 10]FIGURE 10 | Comparison of debris flow impact process (A) Laboratory test (Moriguchi et al. [54]); (B) Numerical simulation results.
Figure 11 shows the comparison of the impact force time history curve when the slope of the debris flow flume is 45°, 55°, 60°, and 65°, respectively. Although there are some errors in the comparison of the results, the error rate ranges 1.9%–8.6%, indicating the applicability of the model.
[image: Figure 11]FIGURE 11 | Comparison of impact force time history curve between test and numerical simulation.
4 ESTABLISHMENT OF MODEL
4.1 Geometric model and mesh model
The model is established according to the actual terrain of a typical debris flow channel in Nanjiao Gully, Fangshan District, Beijing. The model is simplified using the calculation assumptions in Section 2.1. The simplified slope of the channel in the debris flow forming area is 35°, and the slope of the channel in the debris flow erosion area is 20°. According to the field investigation results, the thickness of the erodible material source is set to 0.5 m. The geometric model of debris flow and rigid barrier considering the source erosion-entrainment process is shown in Figure 12A. The model consists of the DEM debris flow initiating material source, SPH erodible material source, FEM rigid barrier, and the channel. The width of the model is 1 m. The starting length of debris flow is 5 m, and the length of the erosion area is 10 m.
[image: Figure 12]FIGURE 12 | Debris flow and barrier model considering the erosion-entrainment process (A) geometric model (B) mesh model.
The mesh models of the debris flow and rigid barrier considering the source erosion-entrainment process are shown in Figure 12B. C3D8R hexahedron element with the size of 0.1 m is used for the rigid barrier. DEM particles with a particle diameter of 10–25 mm are used as the starting source of debris flow. SPH particles with a spacing of 0.05 m are used as the erodible source.
4.2 Basic parameters and boundary conditions of the simulation
The strain softening model in Section 2.5 is used for the erodible material source. The elastic constitutive model is used for the DEM material source particles. The elastic constitutive model is used for the rigid barrier. The rigid constitutive model is adopted for the channel. Specific simulation parameters are shown in Table 3. The volume of initial provenance and the erosion thickness of soil layer were determined based on field investigation and field tests.
TABLE 3 | Basic parameters of numerical simulation.
[image: Table 3]All degrees of freedom of the channel are fixed, and the bottom of the barrier is fixed. The debris flow starts under gravity and enters the flow area, producing an erosion-entrainment effect and finally impacting the barrier. The calculation time is 10 s, and the process from the debris flow starting to erosion-entrainment to impact is simulated.
5 RESULTS AND DISCUSSION
In this paper, the coupled numerical simulation analysis of the debris flow impact process, debris flow impact force time history, and barrier displacement time history with or without considering the erosion-entrainment process is carried out by the established model. Finally, the parameters of the debris flow impact force formula are modified, which provides a reference for debris flow prevention and the design of a barrier.
5.1 Comparison of debris flow impact process
The impact process and velocity vector results of debris flow with and without the erosion-entrainment process are analyzed in this section to study the impact of the erosion-entrainment process on the debris flow impact process. Figure 13A shows the impact process and velocity vector results of debris flow without the erosion-entrainment process. Figure 13B compares the effects of including or excluding the erosion-entrainment process.
[image: Figure 13]FIGURE 13 | Comparison of debris flow impact process and velocity vector results with and without erosion-entrainment process.
The volume of debris flow is always the source volume when the debris flow starts, and all of the debris flow is intercepted by the barrier. The case considering the erosion-entrainment process is shown in Figure 13A. The debris flow volume increases rapidly with the erosion-entrainment process and significantly impacts the barrier. Due to the increased debris flow volume, many debris flows rush out of the rigid barrier.
When the time is 0.7 s, the debris flow starts and flows through the erosion area to produce an erosion-entrainment effect on the erodible material source. At 1.5 s, apparent concave erosion occurs, further intensifying the entrainment process. At 2.6 s, the debris flow velocity reaches a maximum of 5.98 m/s, while the maximum velocity without the erosion-entrainment process is only 3.02 m/s. At 3.3 s, the debris flow starts to impact the barrier, and the debris flow velocity rapidly drops. At 4.1 s, the debris flow rushes out of the barrier. At this time, the impact height reaches the maximum, about 2.16 times higher than without the erosion-entrainment process. When the time is 5.0 s, the debris flow is deposited at the bottom of the barrier. When the time is 6.0 s, the debris flow finally becomes a static load. However, the impact process of debris flow without considering erosion at the same time is significantly different. Both impact velocity and impact height, the former is significantly greater than the latter.
5.2 Flow velocity and impact height of debris flow
The comparison of debris flow velocity with and without the erosion-entrainment process is shown in Figure 14. When the time is 2.6 s, the debris flow velocity reaches the maximum of 5.98 m/s. The maximum velocity without the erosion-entrainment process is only 3.02 m/s. The debris flow velocity considering the erosion-entrainment process is 1.98 times that without the erosion-entrainment process.
[image: Figure 14]FIGURE 14 | Comparison of debris flow velocity results.
Figure 15 compares the impact height of debris flow with and without the erosion-entrainment process. At 4.1 s, the impact height of debris flow reaches a maximum of 2.07 m. The maximum impact height without the erosion-entrainment process is only 0.96 m. The impact height of debris flow considering the erosion-entrainment process is 2.16 times higher than without the process.
[image: Figure 15]FIGURE 15 | Comparison of impact height results.
5.3 Impact force of debris flow and dynamic response of barrier
The comparison of the impact force of a debris flow with and without the erosion-entrainment process is shown in Figure 16. When the time is 4.1 s, the impact force of debris flow reaches the maximum of 155.65 kN/m2. The maximum impact force without the erosion-entrainment process is only 75.22 kN/m2. The debris flow velocity considering the erosion-entrainment process is 2.07 times that without the erosion-entrainment process.
[image: Figure 16]FIGURE 16 | Time history results of the impact force.
Figure 17 compares the displacement time history of the barrier with and without the erosion-entrainment process. At 4.1 s, the displacement time history of the barrier reaches a maximum of 1.75 mm. The maximum impact height without the erosion-entrainment process is only 0.82 mm. The impact height of debris flow considering the erosion-entrainment process is 2.13 times that without the process.
[image: Figure 17]FIGURE 17 | Time history results of the displacement.
5.4 Analysis and discussion
As seen from Figure 14, without considering the erosion-entrainment effect, the debris flow is in direct contact with the soil layer and deposits, and the flow velocity significantly decreases. The maximum velocity of debris flow with and without the erosion-entrainment process is 5.98 m/s and 3.02 m/s, respectively, and the time of maximum velocity is inconsistent. In the case of erosion-entrainment, the properties of erodible material sources change, and the thickness and velocity of the debris flow are significantly improved. This also shows the validity of the strain softening constitutive model in coupled numerical analysis.
As shown in Figure 15, the impact height of debris flow also significantly differs when the erosion-entrainment effect is considered or not. The maximum impact height is 2.07 m, rapidly dropping to 1.24 m after reaching the peak. Regardless of the erosion-entrainment process, the maximum impact height is only 0.96 m, and it slowly rises to its peak. This shows that the impact trend of debris flow is significantly different when the erosion-entrainment process is considered or not, and the former has prominent movement characteristics.
As shown in Figure 16, the time history of debris flow impact force is also significantly different with and without the consideration of erosion-entrainment. The maximum impact force in the erosion-entrainment process is 155.65 kN/m2 and rapidly drops to 91.77 kN/m2 after reaching the peak value. Regardless of the erosion-entrainment process, the maximum impact force is only 75.22 kN/m2, slowly rising to its peak. This shows that the impact force law of debris flow is significantly different when the erosion-entrainment process is considered. The former mainly corresponds to the fluid dynamics theory, while the latter is more suitable for calculation using the hydrostatic theory.
As seen in Figure 17, the dynamic response of the barrier is consistent with the law of debris flow impact force. In the design of the barrier, the hydrodynamic model is recommended because the law of debris flow impact force considering the erosion-entrainment process is significantly different from that without considering the process. It is suggested to modify the empirical formula of the debris flow impact force to consider erosion-entrainment. The existing calculation formula of debris flow impact force based on hydrodynamics is shown in Eq. 9 (Hungr et al., 2005):
[image: image]
Here [image: image] is the peak impact force; [image: image] is the empirical coefficient; [image: image] and [image: image] are the density and velocity of debris flow, respectively.
It is suggested to use the erosion-entrainment correction coefficient [image: image] to modify the parameters of the empirical formula of debris flow impact force considering the erosion-entrainment effect:
[image: image]
Here, γ is the erosion-entrainment correction coefficient.
As a result of this paper’s numerical calculation, the debris flow velocity considering the erosion-entrainment process is 2.07 times that without the process. It is recommended that the erosion-entrainment correction coefficient ranges from 2 to 10.
6 CONCLUSION
This paper establishes a complex coupled dynamic model of debris flow, erodible material source, and rigid barrier based on the coupled SPH-DEM-FEM algorithm. The following research has been carried out:
A complex coupling dynamic model of debris flow, erodible material source, and a rigid barrier is established in this paper. By comparing the model with the laboratory test, the applicability of the coupled SPH-DEM-FEM method to the analysis of the impact force caused by debris flow is verified. The strain softening model is used to simulate the process of the erodible material source from solid state to transition state and finally to liquid state. The impact force caused by debris flow and the dynamic response of a rigid barrier, considering the process of source erosion-entrainment, is analyzed. The results show that the volume of debris flow, impact force, and dynamic response of a rigid barrier considering source erosion entrainment are significantly greater than the original model. The existing formula of debris flow impact force is modified in this paper according to the calculation results. The coupled numerical analysis method and research results help to clarify the impact of erosion-entrainment, the calculation of debris flow impact force, and the design of a rigid barrier.
(1) Using the coupled SPH-DEM-FEM algorithm, a complex coupling dynamic model of debris flow, erodible material source, and rigid barrier is established using the strain softening model. By comparing the model with the laboratory tests, the applicability of the coupled SPH-DEM-FEM method to the analysis of the impact force caused by debris flow is verified.
(2) The impact process and velocity vector of debris flow with and without source erosion-entrainment are analyzed. In the former, due to the increase of debris flow volume, many debris flows rush out of the barrier, while the latter is completely intercepted. The coupled numerical model can simulate the erosion-entrainment process of the erodible material source.
(3) Comparative analysis of flow velocity and impact height of debris flow with and without source erosion-entrainment is shown. Considering the erosion-entrainment process, the maximum velocity and impact height of debris flow are 5.98 m/s and 2.07 m, respectively, 1.98 times and 2.16 times than when not considering the process. The results show that the erosion-entrainment effect significantly changes the debris flow.
(4) A comparative analysis of the time history of debris flow impact force and the time history of the rigid barrier displacement is carried out with and without considering source erosion-entrainment action. Considering the erosion-entrainment process, the peak impact force of debris flow and the peak displacement of the rigid barrier are 155.65 kN/m2 and 1.75 mm, respectively, which are 2.07 times and 2.13 times than without considering the process. The erosion-entrainment correction coefficient is introduced to modify the parameters of the existing calculation formula of debris flow impact force based on hydrodynamics based on the calculation results. The research results have a reference value for calculating the debris flow impact force and the barrier design.
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