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Soil erosion has become a global problem with serious consequences. It is the source of sediment in rivers, and the subsequent sediment transport is important. Water erosion and gravity erosion, as common forms of soil erosion, have different subsequent sediment transport processes. Numerical simulations can reflect these processes well under different sediment yield types. This study applied the computational fluid dynamics and discrete element method (CFD-DEM) to examine the sediment transport following water erosion and gravity erosion. During the sediment transport process, the solid-phase particles in the gravity erosion case move at a greater speed during the initial stage. In the case of water erosion, a decrease in particle velocity on the slope occurs due to the accumulation of particles. The streamwise velocity distribution of the liquid phase conforms to the logarithmic distribution before the sediment transport process starts. Influenced by the solid-phase particles, the flow velocity near the bottom decreases significantly. The sediment transport rate peak in gravity erosion cases is greater than that in water erosion cases. Furthermore, in water erosion cases, when the slope is steep, there is no peak in the sections located at the inlet and outlet of a gully. The sediment transport rate in river sections shows a step form in the declining process.
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INTRODUCTION
Soil erosion is a geomorphic movement process in which soil particles, rock fragments, soil aggregates, and organic matter are separated and transported. Soil erosion can seriously harm the ecological environment, human survival, and socioeconomic development (Romshoo et al., 2021; Zhang et al., 2021). In addition, soil erosion has a significant impact on water and sediment movement in the watershed (Dang et al., 2020; Lei et al., 2020). Its main forms include water erosion, gravity erosion, and wind erosion (Poesen, 2018; Cui et al., 2021). Wind erosion is closely related to wind energy (Li H. et al., 2021; Li H. J. et al., 2021; Li, 2022a; Li, 2022b). Water erosion includes raindrop splash, slope erosion, and rill erosion. Gravity erosion is also a serious geohazard (Choubin et al., 2019), and it includes landslides and debris flow and other forms (Cui et al., 2021).
Sediment yield and transport are consequences of soil erosion and critical to many geological hazards and flood and water resources utilization (Qasem et al., 2019; Band et al., 2020a; Asadi et al., 2020; Shabani et al., 2020). Research on sediment transport following water erosion involves many aspects. The water erosion model can be used to calculate the annual surface runoff and soil loss from field-sized areas (Sterk, 2021). Sediment transport is influenced by many factors, such as sediment size distribution (Sirjani et al., 2022) and scale (Wu et al., 2021). Sediment transport following gravity erosion has also been studied in several ways. The changes in the particle size distribution of suspended sediment following gravity erosion reflect a complicated influence of soil sources, erosion types, sediment sorting, and deposition (Guo et al., 2020b). Soil water content has a significant effect on the occurrence of shallow mass movement (Xu et al., 2015). Vegetation may increase the occurrence of mass failure (Gao et al., 2020). Because the measurement of gravity erosion is difficult, a structured-light 3D surface measuring apparatus was designed (Guo et al., 2020a). Soil erosion and sediment transport involve scale effects. Different spatial scale distributions are the main mechanism of scale effects (Li et al., 2009). Considering the multiple stages in the process of sediment yield and transport, a “slope–gully–river” structure is built (Cai et al., 2019).
Numerical simulation is an effective method to study sediment transport, and there are many studies examining this aspect. Based on the continuity equation, the law of conservation of energy, and the law of conservation of momentum, the controlling equation of runoff and the conservation of mass of solids can be analyzed using hydrodynamic methods (Bennett, 1974; Kandel et al., 2004). For analyzing the solid phase, finite element method (FEM) and discrete element method (DEM) have been adopted. FEM is an element-based approach and needs continuous medium assumption. DEM is a particle-based approach without continuous medium assumption and more efficient and accurate than FEM due to the consideration of compatibility equations and constitutive relations. DEM is also usually coupled with computational fluid dynamics (CFD) to solve the two-phase issues. For example, a CFD-DEM solver for particle-laden flow was proposed by Sun and Xiao (2016). For representing the natural and noncohesive sediment, a realistic representation of grain shapes in CFD-DEM was introduced (Sun et al., 2017). Large eddy simulation (LES) can be coupled with DEM to investigate the friction factor and sediment transport (Elghannay and Tafti, 2018). Thus, the CFD-DEM was selected as the numerical simulation method in this study.
The sediment transport following soil erosion is complex, involving multiple processes in the slope, gully, and river (Band et al., 2020b). However, the connection among these processes was not considered in previous study. In this research, the multistep processes of sediment transport were studied. As shown in Figure 1, surface morphology remodeling is impacted by soil erosion types, and the sediment transport processes following different types of soil erosion are clearly different. The particle velocity, streamwise fluid velocity profile, and sediment transport rate following water erosion and gravity erosion were investigated.
[image: Figure 1]FIGURE 1 | (A) Catchment with water erosion at the Baisha River Basin in Dujiangyan, Sichuan, China; (B) gravity erosion region.
METHODOLOGY
The Test Setup Parameters
This study examined water erosion and gravity erosion as the common types of soil erosion. Figure 2 shows the geometric models. The water erosion model consists of the slope, gully, and Reaches A and B. The particles on the slope surface enter the gully via runoff and are then transported to the river. The slopes are variable and set at 5°, 15°, and 30°. The degree of the gully is 5°. The slopes of Reaches A and B are 5% and 1%, respectively. The model has four monitoring sections: CS1 at the exit of the slopes, CS2 at the confluence entry of the river, CS3 at the connection of the upper and the lower reaches, and CS4 at the end of the reach. The incoming flow rate on one side of the slope for the water erosion runs is 5 × 10−3 m3/s.
[image: Figure 2]FIGURE 2 | Geometric models: (A) water erosion model; (B) gravity erosion model.
In the geometric model of gravity erosion, the slopes in water erosion cases are replaced with an adjustable gully. The fixed gully and Reaches A and B are within the same parameters as in the water erosion model. The particles first enter the adjustable gully with a variable slope of 5°, 15°, and 30° after sliding down from the initial area. Then, the particles enter the fixed gully. The incoming flow rate of the gully is 1 × 10−3 m3/s.
Overall, the essential elements of this study are shown in Figure 3.
[image: Figure 3]FIGURE 3 | Methodological flow chart.
Governing Equations of Fluid Flow
In this simulation, the fluid phase is described by the continuity and momentum equations:
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where ρ is the fluid density, [image: image] is the fluid interstitial velocity, [image: image] is the unit normal vector, [image: image] is the mass force, and[image: image] is the surface force.
Turbulence simulations are performed using the realizable k–ε turbulence model, where k is the turbulent kinetic energy and ε is the dissipation rate. It is a two-equation turbulence model that allows the turbulence length and time scale to be determined by solving two independent transport equations. The realizable k–ε model provides some improvements to the standard k–ε model (Launder and Spalding, 1972) by removing the values in the calculation results that are contrary to the laws of physics (Shih et al., 1995). Furthermore, it exhibits superior performance for flows involving rotation, boundary layers under strong adverse pressure gradients, separation, and recirculation. Realizable k–ɛ model shows a great ability to capture the mean flow of the complex structures. It is expressed as follows:
[image: image]
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where k is the turbulent kinetic energy, μ is the dynamic viscosity, [image: image] is the eddy viscosity, and ε is the turbulent dissipation rate.
Mathematical Model of Particle Motion
The particle motion includes translational and rotational movement. According to Newton’s second law of motion, the equations are as follows:
[image: image]
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where m is the mass of a single particle; [image: image] is the translational velocity; [image: image] is the fluid force acting on particle a; and [image: image], [image: image], and [image: image] are the normal contact force, tangential contact force, and torque between particles a and b, respectively.
Particle contact model is the Hertz–Mindlin soft-sphere model. The normal force [image: image] and tangential force [image: image] between the particles can be expressed as follows:
[image: image]
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where α is the normal overlap between particles; G is the relative motion velocity of particles i and j; [image: image] is the slip velocity of the contact point; δ is the tangential displacement of the contact point; [image: image] and [image: image] are the elasticity coefficients of particle i in the normal and tangential directions, respectively; n is the unit vector from the spherical center of particle i to the spherical center of particle j; and [image: image] and [image: image] are the damping coefficients of the particles in the normal and tangential directions, respectively.
Fluid–Particle Interactions
CFD-DEM coupling involves the following steps. First, the CFD performs fluid field calculation in a time step. Then, the information of the fluid field is delivered to the DEM module to calculate the forces between the two phases. Next, the particle motion is updated by receiving the obtained forces. For a calculation cycle, the fluid field is calculated based on the updated two-phase interaction forces by adding a source term to the fluid momentum equation. Different time steps setting in CFD and DEM will improve the efficiency of the coupling model significantly (Lei et al., 2019). In this study, the ratio was set at 1:100. The simulation parameters are listed in Table 1.
TABLE 1 | Parameters of the simulation.
[image: Table 1]Model Validation
To verify the current numerical implementation, the model was tested against some experimental datasets. Figure 4 shows the comparison between the numerical results and experimental data for the velocity profile and sediment transport. The streamwise velocity profiles were measured using traditional detailed experiment series (Onishi, 1972) and modern instruments (Revil-Baudard et al., 2015) in a laboratory. The sediment transport rate data were obtained through laboratory experiments (Deng et al., 2008) and river gauging stations (Chen et al., 2011). The comparison shows that the numerical results in this research are in good agreement with the experimental data. Thus, the validity of the model was confirmed.
[image: Figure 4]FIGURE 4 | Comparison between observed and simulated results: (A) velocity profile; (B) sediment transport rate.
RESULTS
Sediment Transport Following Water Erosion
In order to study the whole process of sediment transport from the slope until it enters the river, the velocity of particle movement needs to be analyzed (Figure 5). The particles start to move at the initial stage because of water flow. As time progresses, the velocity of particles on the slope gradually increases and the particles begin to accumulate in the region between the two slopes. The velocities of particles at different locations were approximately the same, most of them being <0.05 m/s before 1.0s. The velocities of particles at different locations began to appear differently. The velocity of particles near the upper slope was greater by about 0.2 m/s at 1.5s. The velocity of particles further increased, and the velocity of particles in the upper slope was close to 0.5 m/s at 2.0s. The particles arriving in the interslope region start to get carried because of water at 2.5s. The velocity of particles in the gully is greater, mostly exceeding 1 m/s and reaching up to 1.7 m/s. When the particle movement on the slope continues, particle accumulation occurs at the bottom of the slopes, causing the overall velocity on the slope to slow down. The particles enter the river from 3.5s, and the particle velocity in the gully increases further to a maximum value of 4.0 m/s. The velocity of particles in the upstream reach is about 2.7∼4.0 m/s and greater than that in the downstream reach due to a greater slope gradient. The velocity in the downstream reach is about 1.4∼2.8 m/s. The particles’ velocity on the slope decreases from 5.0s and eventually drops to a very small value.
[image: Figure 5]FIGURE 5 | Particle velocity field, water erosion: (A) t = 0.5s; (B) t = 1.5s; (C) t = 2.5s; (D) t = 3.5s; (E) t = 5s; (F) t = 7s.
Figure 6 shows the streamwise velocity profile when the slope is 5°. The friction velocity is [image: image], where τ is the shear stress and ρ is the fluid density. The maximum flow velocity in the CS1 is close to 4 [image: image]. The fluid velocity at the bottom is very small because of the particle motion. When the relative water depth hr reaches 0.7, the streamwise velocity increases rapidly. The velocity distribution throughout the sediment transport process does not change much in this section. The velocity at the bottom of the CS2 is small, and there is a small increase in the interval of 0∼0.6 hr. The velocity curve is steep at 1.0s. The slope of the velocity curve gradually decreases from 2.0 to 8.0s. CS3 and CS4 are in the river. The streamwise velocity conforms to the law of logarithmic distribution from 1.0s to 3.0s. As the sediment transport rate increases, the solid phase has an important influence on the flow velocity distribution. The velocity decreases to some extent in the bottom region and gradually increases from bottom to top at 4.0s. At 7.0 and 8.0s, the velocity at the bottom decreases significantly.
[image: Figure 6]FIGURE 6 | Streamwise velocity profile of fluid, water erosion: (A) CS1; (B) CS2; (C) CS3; (D) CS4.
The sediment transport of water erosion cases is shown in Figure 7. When the slope gradient is 5°, the particles pass through the exit of slope (CS1) at 2.28s. Thereafter, the sediment transport rate increases rapidly from 2.28 to 4.46s, reaching a peak of 1.9 × 10−4 kg/(s m) at 4.46s. The time particles take to enter the gully through the CS2 is 2.7s, after which the sediment transport rate increases rapidly from 2.7 to 4.02s and reaches the maximum value of 2.4 × 10−4 kg/(s m) at 4.02s. This is 27% higher than the peak of sediment transport rate in CS1. The time when particles enter the downstream reach (CS3) is 3.66, and the peak of the sediment transport rate is 1.8 × 10−4 kg/(s m). The moment when particles reach the ending section (CS4) is 7.02s, and the sediment transport rate reaches the peak of 2.8 × 10−4 kg/(s m), which is 49% higher than the peak at CS1.
[image: Figure 7]FIGURE 7 | Sediment transport, water erosion: (A) slope degree: 5°; (B) slope degree: 15°; (C) slope degree: 30°.
When the slope is 15°, the sediment transport rate at all sections increases rapidly at the beginning, decreases after reaching the peak, and finally stabilizes at a lower range. The peak of sediment transport rate at CS1 is the smallest. The peaks at CS2 and CS4 are very close, which are 35% and 39% higher than CS1, respectively. The peak at CS3 is the greatest, which is 72% higher than CS1.
When the slope is 30°, the variation of sediment transport rate is different from that of the 5° and 15° slopes. The sediment transport rates at CS1 and CS2 show no obvious increasing and decreasing processes. They fluctuate continuously in the range of 0–1 × 10−4 kg/(s m). A dramatic increase and decrease still exist at CS3 and CS4. The sediment transport rate of CS3 has a double-peak process. The first peak occurs at the beginning of sediment transport, which is 1.3 × 10−4 kg/(s m). Thereafter, it decreases to near 0, rises rapidly again, and reaches the second peak of 2.1 × 10−4 kg/(s m). The sediment transport rate peak at CS4 is 2.2 × 10−4 kg/(s m). In the decreasing process, the sediment transport rate fluctuates in the interval of 10.5s to 14s.
Sediment Transport Following Gravity Erosion
The particle velocity field for gravity erosion is shown in Figure 8. When the particles slide down and enter the gully, the maximum velocity is 0.46 m/s. When the particles cover the gully entrance area, the maximum velocity of the particles reaches 0.54 m/s. Many particles are transported in the gully, and their velocity is greater than that of the particles still in the initial area at 1.5s. At 2.0s, all particles enter the gully and few particles begin to enter the river. The maximum velocity of particles is 2 m/s. Most particles enter the river, and a small number of particles go to Reach B at 3.0s. The maximum velocity of particles is 2.1 m/s. Once most of the particles have entered Reach B, the maximum velocity is reduced to 1.5 m/s at 4.0s. The particles are transported in Reach B, and the maximum velocity is 1.3 m/s at 6.0s. Some particles are transported out of the study reach, and the maximum velocity is 1.2 m/s at 8.0s.
[image: Figure 8]FIGURE 8 | Particle velocity field, gravity erosion: (A) t = 0.5s; (B) t = 1s; (C) t = 1.5s; (D) t = 2s; (E) t = 2.5s; (F) t = 4s.
Figure 9 shows the fluid streamwise velocity profiles for gravity erosion when the adjustable gully is 5°. The particles enter the gully from the initial region at 1.0s. Because CS1 is close to the initial region, the velocity distribution is affected immediately. It no longer conforms to the logarithmic distribution. An approximately linear increase from the bottom up appears in the range of hr < 0.5. When hr exceeds 0.5, the increase is small. The overall velocity decreases due to the influence of sediment transport at 2.0s. The sediment transport process ends and the velocity profile almost returns to a logarithmic response at 4.0s. The section is no longer affected by solid particle sediment transport, and the velocity profile is logarithmic at 7.0 and 8.0s. The flow velocity of CS2 gradually decreases from 1.0 to 3.0s as the sediment transport proceeds. The particles have all passed through the section at 4.0s, and the liquid phase velocity increases. The flow velocity is no longer affected by the particles, and the velocity profile is in line with the logarithmic distribution at 7.0 and 8.0s. In CS3, sediment transport did not occur and velocity profile was logarithmic at 1.0s and 2.0s. A large number of particles pass through the section, causing a significant change in velocity profile at 3.0s and 4.0s. The velocity near the bottom decreases significantly and increases rapidly near hr = 0.3. After hr > 0.4, it increases linearly up to the surface. The sediment transport process ends, and the velocity distribution returns to logarithmic distribution at 7.0s and 8.0s. In CS4, the flow velocity decreases from 1.0s to 4.0s, but all profiles conform to the logarithmic distribution. Influenced by the solid phase at 7.0s and 8.0s, the velocity curve can be divided into three parts. When hr < 0.3, the flow velocity slowly increases upward from the bottom; when 0.3 < hr < 0.6, the flow velocity increases rapidly from the bottom to the top; when hr > 0.6, the flow velocity increases slowly.
[image: Figure 9]FIGURE 9 | Fluid velocity profile, gravity erosion: (A) CS1; (B) CS2; (C) CS3; (D) CS4.
For the subsequent sediment transport process of gravity erosion, the changing processes of sediment transport rate are similar when adjustable gully is 5°, 15°, and 30° (Figure 10). All of them are single-peaked. The duration of the sediment transport process and the maximum sediment transport rate at CS1–CS4 are presented in Table 2. The sediment transport process is short in this case because of the rapid sediment yield process. The durations of sediment transport decrease in order from CS4 to CS1. The peaks of the sediment transport rate at CS1 and CS2 are near the end of the sediment transport process (the teak time positions are >0.8), whereas those of CS3 and CS4 are in the middle and late stages (peak time position: 0.53–0.66). The peak value of the sediment transport rate gradually decreases from CS1 to CS4. The peaks in CS2, CS3, and CS4 are 78%–92%, 45%–50%, and 19%–24% of the peak in CS1, respectively. The increase in adjustable gully slope will accelerate the sediment transport and significantly increase the sediment transport rate peak.
[image: Figure 10]FIGURE 10 | Sediment transport, gravity erosion: (A) adjustable gully slope: 5°; (B) adjustable gully slope: 15°; (C) adjustable gully slope: 30°.
TABLE 2 | The time of sediment transport and peek.
[image: Table 2]DISCUSSION
Water erosion and gravity erosion are two main forms of soil erosion, exhibiting different subsequent sediment transport processes. The particle and fluid velocities and sediment transport were studied using many new physical equipment, such as an Acoustic Doppler Current Profiler and Particle Image Velocimetry (Kostaschuk et al., 2005; Corapi et al., 2021). Our results show the same laws and trends with these study in general, however, the specific quantities and processes are different. The sediment transport duration following gravity erosion is short. The velocity of particles in gravity erosion is greater than that in water erosion at the early stage.
The velocity profile in this study differs in terms of the multiphase sediment transport mode based on the modified volume of fluid equation (Ouda and Toorman, 2019). It is not influenced by the solid phase and conforms to the logarithmic distribution. The main reason is that the turbulence closure term is handled differently. The logarithmic velocity distribution holds overall and is consistent with the other numerical simulations (Ai et al., 2013; Charru et al., 2016). Sediment transport influences the fluid velocity and its distribution. CS1 and CS2 are at the inlet and outlet of the gully. In gravity erosion cases, the flow velocity of the whole section is reduced, and the velocity profile returns to logarithmic distribution at the end. In the cases of water erosion, velocity decreases in the lower layer, especially near the bottom, and the flow velocity distribution does not return to logarithmic distribution because of the continuous sediment transport process. CS3 and CS4 are in the river. The velocity near the bottom is small; increases significantly from the bottom to top in the middle; and increases slowly in the upper layers.
According to the experimental study, slope gradient has significant effects on sediment transport (Lin et al., 2017). Previous studies focused on the spatial distribution of transport rates (Istanbulluoglu et al., 2003; Dai et al., 2021) and the assessment of the sediment sources (Lin et al., 2015). In this study, the temporal features of sediment transport were investigated. Gravity and water erosion cases involve different sediment transport processes. The gravity erosion process often has a steep rise and fall in the sediment transport rate. The peak of sediment transport rate decreases from CS1 to CS4. The sediment transport process in CS4 takes a long time, but the peak is low because the concentration, particle stress, and Reynolds stress are all significant influential factors (Schmeeckle, 2014). In gravity erosion cases, the gradient of adjustable gully does not affect the shape of the sediment transport process. However, in the cases of water erosion, the gradient of the slope has a significant effect on the sediment transport process.
The comparison of the numerical simulation approaches is listed in Table 3. The advantage of CFD-DEM is that it can realistically simulate the phases in a multiphase flow. In practical applications, attention should be paid to the huge quantity of computation due to the large number of particles in granular phase solution as well as the difficulties of accurately calculating the fluid volume fraction and determining the drag force between the liquid and solid phases.
TABLE 3 | Comparison of numerical simulation approaches.
[image: Table 3]CONCLUSION
This study presents numerical investigations of sediment transport in the gully and reach using CFD-DEM coupled simulations. The sediment transport following different types of soil erosion was examined. The particle velocity fields, fluid velocity distribution, and sediment transport processes were analyzed. The main conclusions are as follows.
Comparing the particle velocities in water erosion and gravity erosion cases, the particle velocity in gravity erosion is greater than that in water erosion at the beginning of the sediment transport process. The reason is that more potential energy is converted into kinetic energy when gravity erosion occurs. Water erosion has more sediment yield, and the sediment transport process lasts longer.
The streamwise fluid velocity profile conforms to the logarithmic distribution when it is not affected by solid-phase particles. When the sediment transport process starts, the fluid velocity distribution changes. In the cases of water erosion, the bottom flow velocity is very small in the first two sections, while the flow velocity in the river sections gradually increases from the bottom to the top. In the cases of gravity erosion, the streamwise velocity at the first two sections decreases in vertical direction and the flow velocity at the bottom of the sections in the river decreases significantly.
The occurrence of the sediment transport rate following water erosion is closely related to the gradient of the slope. The peak exists for the 5° and 15° slope cases but not for the 30° slope case. When the slope is 5°, the second peak occurs at the connection between two reaches. When the slope is 30°, the declining process shows a step form in river sections. The sediment transport rate peaks following gravity erosion are large at the gully inlet and outlet, whereas they are relatively low in the river sections. The sediment transport rate peak increases and the sediment transport duration reduces with the increase of gully gradient. The sediment transport curve shape is not affected by the gully gradient.
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