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The Lihong Road area in Litong District, Wuzhong City, Ningxia, is highly prone to debris flow disasters due to its steep topography, loose surface materials, and frequent extreme rainfall. This study investigates the formation mechanisms and hazard dynamics of debris flows in this area, with particular attention to both natural factors and anthropogenic influences, such as sand mining. A key innovation of this research lies in integrating terrain modification effects into FLO-2D numerical simulations under varying rainfall scenarios. The results reveal that intense precipitation, steep slopes, and abundant loose materials primarily contribute to debris flow initiation. Simulations show that human-induced topographic changes significantly alter flow patterns and exacerbate risk. The study identifies a critical rainfall threshold of 130.86 mm and a 1-h triggering intensity of 50.86 mm. Hazard zoning based on flow velocity, deposition depth, and inundation range highlights the region’s vulnerability, especially around infrastructure and farmland. This work provides a scientific basis for early warning, engineering mitigation, and regional disaster prevention strategies.
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1 INTRODUCTION
Debris flow is a common and highly destructive geological disaster in mountainous, hilly, and plateau areas (He et al., 2025; Cui et al., 2013; Zhou et al., 2022). Heavy rainfall, snowmelt, earthquakes, or human activities typically trigger it. Debris flows move at high speeds and possess destructive solid power, often causing rapid destruction of surrounding ecosystems and infrastructure and endangering the lives and property of residents (Moos et al., 2018; Hürlimann et al., 2019; Huang et al., 2020; Li et al., 2023). The Lihong Road area in Litong District, Wuzhong City, Ningxia, is particularly vulnerable to such events due to its steep terrain, loose surface materials, and frequent extreme rainfall. Debris flows in this region have been a subject of some geological studies. Still, understanding their formation mechanisms remains incomplete, especially regarding the combined effects of local topography, precipitation patterns, and human activities.
Current research on debris flow formation mechanisms has primarily focused on the influence of topography and precipitation (Wang et al., 2020; Jiang et al., 2022; Pang et al., 2022). Steep slopes, narrow valleys, and intense rainfall events are recognized as primary drivers of debris flow initiation and propagation (Iverson, 1997). Studies have shown that the erosion of unstable slopes, especially after intense rainfall, can mobilize loose soil and sediment, leading to debris flow (Borga et al., 2014; Wei et al., 2025; Yan et al., 2020; Yan et al., 2024; Yu B. et al., 2016). In addition, human activities such as sand mining, road construction, and land-use changes have been found to exacerbate debris flow risks by altering natural water flow paths and destabilizing the terrain (Gan B. R. et al., 2018). A comprehensive understanding of these risks allows local governments to proactively implement land use planning, disaster prevention, mitigation measures, and emergency response plans, thereby reducing the damage to ecosystems, the social economy, and people’s lives and property during a disaster (Xu et al., 2014; Zou et al., 2018; Li Z. et al., 2021; Ding X. Y. et al., 2023; Kumar et al., 2024). However, a comprehensive understanding of how these factors influence debris flow formation in the Lihong Road area is still lacking.
Various models have been developed using numerical simulation methods to predict debris flow behavior. Among the most widely used is the FLO-2D model, which simulates debris flow dynamics by solving mass and momentum equations for flow velocity, depth, and sediment transport (Di et al., 2008; Jo and Jun, 2022; Ding W. et al., 2023; Zhang et al., 2023; Guo et al., 2024; Jia et al., 2024). This method has been successfully applied in similar mountainous areas to assess the risk and predict the impact of debris flows (Santi et al., 2011). Other models, such as the RAMMS (Rapid Mass Movement Simulation) and SHALSTAB, have been employed to simulate slope stability and debris flow initiation (Schneider et al., 2014; Iverson and George, 2016). However, most studies focus on individual factors or isolated regions, and there is a gap in integrating both natural and anthropogenic factors in a unified model for debris flow risk assessment (Iverson, 2015).
This study aims to fill this gap by providing a detailed investigation of debris flow formation mechanisms and conducting a comprehensive risk assessment using the FLO-2D model. The basic data are sourced from the National Meteorological Science Data Center, the Geospatial Data Cloud, and local geological surveys. We systematically examine the roles of topography, precipitation, sediment availability, and anthropogenic activities—including sand mining and land use changes—in shaping debris flow processes in the Lihong Road area. A key innovation of this study lies in its integration of both natural and human-induced factors into a unified simulation framework. Previous studies have often analyzed these elements in isolation, limiting the accuracy of hazard predictions. By simulating debris flow behavior under various rainfall scenarios and comparing pre- and post-disturbance terrain conditions, we quantitatively assess the impact of human-modified landforms on debris flow dynamics. In particular, the influence of large artificial pits formed by sand mining is modeled to evaluate their role as storage sinks and risk amplifiers. This research not only enhances our understanding of the dynamic interactions contributing to debris flow risk in semi-arid, loess-covered terrains, but also provides critical insights for designing early warning systems and mitigation measures. The proposed methodology offers a transferable approach for similar hazard-prone regions undergoing rapid human transformation.
2 DEBRIS FLOW CHARACTERISTICS
2.1 Overview of the study area
The Lihong Road area, located in the west of K27+200m of Lihong Road in Sunjiatan Development Zone, Biandangou Town, Litong District, Wuzhong City, Ningxia, is situated in a region characterized by a combination of complex geological formations and dynamic environmental conditions that significantly contribute to the occurrence and severity of debris flows (Figure 1). The area is part of the Loess Plateau, known for its unique geomorphological features, including steep slopes, deep gullies, and loose, weathered soil layers. These geological conditions and the area’s susceptibility to extreme weather events make the Lihong Road region a hotspot for debris flow activity. The topography of the Lihong Road area is marked by steep slopes with an average gradient of 25°–45°, which are typical of mountainous regions. These slopes are often V-shaped, formed by the erosion of gully valleys that cut through the landscape. The steepness of these slopes, coupled with the narrowness of the valleys, promotes the rapid convergence of surface water during rainfall, increasing the potential for erosion and sediment transport. The region’s high elevation variations, with altitudes ranging from 1,000 to 1,500 m above sea level, also enhance the gravitational force that drives debris flows downhill.
[image: Figure 1]FIGURE 1 | Overview map of debris flow on Lihong Road, Litong District, Wuzhong City.
The Lihong Road area is characterized by highly weathered rock with well-developed joints and fissures, which are prone to physical weathering due to thermal expansion and contraction. This process gradually causes the rocks to break and peel away, generating large amounts of loose material, particularly at the foot of the slopes and in the gentler areas along the gully. Loose debris, such as rock fragments and gravel, are easily washed into the valley by water flow, becoming the primary solid material source for debris flows. The occurrence of debris flows follows a periodic and fluctuating pattern, driven by the accumulation of seasonal precipitation and the continuous buildup of loose material on the slopes. The degree of weathering is influenced by factors such as rainfall intensity, climate changes, topography, vegetation cover, and human activities (Chen and Chen, 2022; Zhao et al., 2022; Niu et al., 2023; Zhu et al., 2024).
The hydrological conditions in the area are significantly influenced by the seasonal rainfall patterns. The region experiences concentrated rainfall from June to August, with extreme precipitation events occurring during this period. These heavy rainstorms rapidly saturate the soil, reducing the stability of the slopes and increasing the likelihood of slope failure. The combination of steep topography, loose soil, and intense rainfall creates an ideal environment for the initiation of debris flows, especially in the gully valleys where sediment is easily mobilized. Human activities, such as sand mining, road construction, and agricultural development, have further altered the natural geological conditions in the Lihong Road area. Sand mining, in particular, has removed large amounts of loose material from the slopes, reducing their stability and increasing the amount of sediment available to contribute to debris flows. Additionally, infrastructure development, including roads and buildings, has disturbed the natural flow paths of water, often diverting water and sediment accumulation towards specific areas, further exacerbating the risk of debris flows.
2.2 Formation analysis for debris flow
In the Lihong Road debris flow channel, the type of debris flow is dilute debris flow, with the primary hazards being erosion and inundation (Lee et al., 2022). The formation of debris flows in the Lihong Road area results from multiple factors, including topography, material sources, and precipitation (Long et al., 2020; Cao et al., 2021; Zhao et al., 2022). Firstly, the topographic conditions provide a favorable foundation for debris flow formation. Well-developed gullies and significant topographic relief characterize the area. The gullies are mainly “V” shaped with steep slopes, approximately 45°, and the large drainage area causes water to converge quickly, making the area prone to intense flooding (Figure 2). The upstream region has low slope integrity, and the bedrock is highly weathered, forming large amounts of loose material. During heavy rainfall, this material is easily washed into the gully, becoming a key source of debris flow material (Figure 3). The deposition area at the gully’s mouth is relatively flat, and Lihong Road runs through this region. Although the impact of debris flows here is relatively small, the existence and continuous accumulation of sediment layers still present a potential risk for debris flow formation.
[image: Figure 2]FIGURE 2 | Photo of the “V” shaped valley.
[image: Figure 3]FIGURE 3 | The slope has obvious traces of rain erosion, and the soil is loose.
Secondly, the material source conditions are the primary source of debris flow supply. The surface of the slopes in this area is covered with a layer of loose sandy soil and gravel, with an average thickness of about 0.5 m. Beneath this layer, the underlying strata mainly consist of highly weathered mudstone and sandstone. Over time, the slopes on both sides of the gully have been subjected to extensive weathering, causing the surface rocks and soils to be quickly eroded and washed away by rainwater, leading to localized phenomena such as collapses and landslides. The loose materials continue to accumulate in the gully bed. Furthermore, the gully bed is mudstone, easily eroded by water flow, further exacerbating the material supply. Precipitation conditions are also a critical triggering factor for debris flow formation. According to the data of wuzhong Meteorological Bureau, the average precipitation for many years is 228 mm. Rainfall varies greatly from year to year, with the maximum monthly rainfall of 91.8 mm. Rainfall is mainly concentrated from June to August, accounting for more than 70% of the annual rainfall, and it mostly appears in the form of rainstorms, which have the characteristics of short duration, high intensity, and concentration. In particular, during heavy rain, the rapid accumulation of water triggers debris flows, providing sufficient water volume and erosive power to support debris flow formation in this region (Simoni et al., 2020; Thouret et al., 2020; Walter et al., 2020; Xiong et al., 2021).
Watershed morphology, channel features, solid loose materials’ quantity and supply characteristics, and rainfall intensity influence flow characteristics of debris flow (Liu and He, 2020; Guo et al., 2021a; Xiong et al., 2021). Field investigations found that the flow process of debris flows is usually continuous, forming a confluence process of flood-debris flow-flood. The flow rate, velocity, and concentration of debris flow fluctuate over time. During heavy rainfall, floodwaters first carry sand and gravel out of the gully at a fast velocity; next, the debris flow emerges from the gully in a “dense debris flow” form, with increased flow volume but slower velocity; finally, the flow decreases and may even cease. On-site exploration revealed that the debris flow deposition area consists of two layers of material, indicating that two large-scale debris flow events occurred in the region in the past. The debris flow deposits are primarily concentrated in the channel and gully mouth, with similar particle composition throughout. Due to the relatively shallow slope in the upper and middle reaches, the debris flow velocity is slower, resulting in more deposition. However, the thickness of the deposits has been reduced due to the disturbance of sand mining activities. In the downstream, the gully bed is relatively flat, and after the debris flow exits the mountain, the channel widens, and water dynamics decrease, allowing for large-scale deposition of solid materials, particularly at the gully mouth, where human excavation of a large pit has altered the channel’s flow direction.
2.3 Basin division of debris flow
The Lihong Road debris flow watershed can be divided into three main zones: formation, transport, and deposition (Thouret et al., 2020; Yang et al., 2020).
Formation Zone: Located in the middle to upper reaches of the gully, the formation zone consists primarily of three tributary gullies. The gully cross-section is mostly “V”-shaped, with slope gradients ranging from 30° to 60° and steep slopes. The lithology mainly consists of sandy soil and gravel layers, with occasional exposure of brick-red mudstone and sandy mudstone, which are highly weathered and fragmented, making them vulnerable to erosion from rainfall and water flow. The left tributary gully and its slope are more vegetated, mainly with wild grasses and sparse shrubs, covering approximately 40%, while other areas have much lower vegetation coverage, less than 10%. This zone is the primary source of debris flow material supplied through surface erosion, weathering, and rainfall runoff.
Transport Zone: The transport zone is located along the main gully in the middle and lower reaches, covering an area of about 0.08 km2, with a gully length of approximately 240 m. The slope gradient is relatively gentle, ranging from 20° to 30°, and the gully bed has a gradient of 42‰. The loose materials in this zone mainly consist of silt and clay. Small-scale potential landslide bodies are distributed intermittently on both sides of the gully. Due to later erosion and downcutting, loose sediment is transported and accumulated near the gully’s mouth, forming some deposits.
Deposition Zone: The deposition zone is located at the gully mouth, covering an area of about 0.14 km2, and features a well-defined alluvial fan. The lithology primarily comprises Quaternary loose sandy soil mixed with sand and gravel. Lihong Road crosses the deposition area, and the surrounding terrain is relatively flat, mainly consisting of cornfields. The alluvial fan at the gully mouth is relatively intact, with a growing trend in deposition. The fan extends about 50 m in length, 135 m in width, and has a spread angle 52°.
The essential characteristics of these three zones are summarized in Table 1.
TABLE 1 | Comprehensive characteristics of the debris flow formation area and flow area of Lihong Road.
[image: Table 1]2.4 Fluid characteristic values of debris flow
This study provides an in-depth analysis of the fluid characteristics of debris flow in the Lihong Road area, employing three methods: particle size distribution analysis, morphological investigation, and table comparison. The average bulk density of the debris flow was determined to be 1.563 t/m3. Particle size distribution analysis involved collecting sediment samples from the gully bed, sorting and weighing them by particle size, and analyzing the mass distribution across different size fractions. This method comprehensively explains the solid material content within the debris flow. The morphological investigation combined field surveys and interviews with local residents, providing first-hand data on the flow state and fluid properties of the debris flow. The results showed that the debris flow in the Lihong Road area exhibited a typical dense debris flow-like flow characteristic, with a lower flow velocity but a higher flow volume. These field data were further confirmed concerning the standards in the Debris Flow Disaster Prevention Engineering Survey Code (DZ/T0220-2006), allowing for an accurate determination of the flow’s bulk density. The table comparison method cross-referenced the debris flow susceptibility data with historical records, resulting in a comprehensive bulk density value of 1.563 t/m3 for the debris flow. This outcome provides critical data support for subsequent dynamic analysis and mitigation efforts.
Additionally, the study employed the rain-flood method to calculate the debris flow’s flow rate, yielding flow data for various return periods. The results show that the maximum flood peak flow for a 100-year return period was 4.30 m3/s. By calculating the debris flow’s peak discharge, the study further estimated the maximum runoff volume, which was found to be 0.24 × 104 m3, 0.19 × 104 m3, and 0.15 × 104 m3 for the 1%, 2%, and 5% return periods, respectively. These results indicate that the Lihong Road debris flow falls into the small-scale category, which has important implications for the design of disaster mitigation structures. The study also identified some key characteristics of debris flow movement, such as the slower flow velocity and greater sediment deposition in the upper and middle reaches due to the gentler slope. However, due to sand mining activities, the sediment thickness has been reduced. In contrast, the downstream region experiences large-scale sedimentation, particularly at the gully mouth where human excavation has altered the natural flow direction.
2.5 Critical rainfall threshold for debris flow
The formation of debris flows requires sufficient water (runoff), with the primary source being rainfall and the secondary source being snowmelt. Rainfall serves as the water source for debris flows, and during the confluence process, it also acts as the driving force for debris flow movement. Different types of debris flows have different triggering conditions. For instance, heavy or torrential rainfall can trigger rainfall-induced debris flows, while snowmelt is triggered by continuous high temperatures that cause rapid snow and ice melting. In addition, the intensity and amount of rainfall have critical thresholds—debris flows will only occur when the precipitation reaches or exceeds this threshold. The raindrops from torrential rainfall have a strong erosive and splashing effect on the surface. For example, a heavy rain of 70 mm/h can quickly disturb the surface soil, destabilizing loose debris and triggering a debris flow. Therefore, intense rainfall has a strong erosive impact on loose materials on steep slopes, making it a significant triggering factor for the occurrence of debris flows.
The study found that the intensity and total amount of rainfall play a decisive role in debris flows, particularly during intense and short-duration rainfall events. A critical water depth formula for debris flow initiation was derived using the Mohr-Coulomb strength criterion and the limit equilibrium theory. This formula was further used to calculate the critical rainfall required to trigger debris flows. The study reveals that the critical rainfall threshold for the Lihong Road debris flow is 130.86 mm, and the 1-hour rainfall intensity that could potentially trigger the debris flow is 50.86 mm. When the rainfall exceeds this threshold, the likelihood of debris flow occurrence significantly increases. Detailed runoff generation and concentration analysis further demonstrated how rainfall influences debris flow initiation. It was also found that the combined effect of antecedent rainfall and short-duration heavy rainfall is a key factor in triggering debris flows. This research provides a scientific basis for early warning and mitigation strategies and a reference for risk assessment in similar watersheds, offering essential theoretical support for developing more effective prevention measures and reducing the risk of debris flow disasters.
3 DEBRIS FLOW HAZARD ASSESSMENT
The FLO-2D two-dimensional simulation software was used to model the formation process and movement characteristics of the Lihong Road debris flow. By combining rainfall data with digital elevation model (DEM) data, repeated simulations and data fitting were conducted to determine key parameters such as the flow depth, velocity, deposition range, and degree of destruction of the debris flow. On this basis, the movement characteristics of the debris flow during its occurrence were simulated, recreating the features of the debris flow disaster at the time of its event. By comparing the computed values from this investigation with the numerical simulation results, various simulation parameters—such as the Manning coefficient, viscosity coefficient, and others—were adjusted repeatedly to refine the model. The goal was to ensure that the simulated results closely matched the actual conditions of the debris flow disaster.
3.1 Theoretical basis of FLO-2D simulation
FLO-2D is a widely used two-dimensional numerical simulation model for predicting debris flow dynamics, particularly in mountainous terrain. It is based on solving shallow water equations that account for unsteady flow in irregular topography. In this study, FLO-2D was employed to simulate the initiation, movement, and deposition of debris flows in the Lihong Road area, incorporating site-specific topographic and rainfall data. The simulation framework is underpinned by the following theoretical assumptions and computational formulations.
3.1.1 Assumptions of numerical simulation
To ensure computational efficiency and maintain alignment with site-specific conditions, the FLO-2D model adopts a set of assumptions that simplify the simulation process while retaining the essential physics of debris flow behavior.
3.1.1.1 Core assumptions of the FLO-2D model
Fixed-bed condition: The model assumes a non-erodible bed surface, meaning that the topography remains constant throughout the simulation. Processes such as bed scouring, channel incision, or sediment entrainment are not explicitly modeled. As a result, the simulation focuses on flow routing and deposition patterns rather than sediment dynamics. No simulation of hydraulic jumps or shock waves: Due to the simplifications in the governing equations, abrupt changes in flow depth or velocity (such as hydraulic jumps) are not represented. The model is therefore best suited for gradually varied, shallow overland flow conditions.
3.1.1.2 Supporting hydrodynamic assumptions
Shallow water wave approximation: The model treats debris flow as shallow water flow, allowing the use of depth-averaged equations. Vertical accelerations are neglected, and hydrostatic pressure distribution is assumed. Hydrostatic pressure distribution: The flow is assumed to exhibit a uniform pressure distribution in the vertical direction, which is a common assumption in shallow flow simulations. Temporal resolution and cell uniformity: The simulation uses a fixed time step, with each computational cell assigned constant parameter values, including elevation, surface roughness (Manning’s n), and cross-sectional hydraulic characteristics. These values are averaged across each cell and remain unchanged during the simulation period. Shallow water wave assumption: The model assumes the flow to be in the shallow water wave regime. The model satisfies the steady-flow resistance equation during debris flow events. Static pressure distribution assumption: The distribution of hydrostatic pressure is assumed to be uniform. The time step in the numerical simulation is fixed and corresponds to a stable, constant flow over each interval. Each parameter at every grid point has a single value, including elevation and Manning’s roughness coefficient n. Each grid section is assumed to have average values for cross-sectional area and hydraulic roughness.
These assumptions provide a practical framework for simulating debris flow behavior in mountainous terrain, especially when the primary objective is to predict flow paths, inundation areas, and deposition patterns under different rainfall scenarios.
3.1.2 Governing equations
In FLO-2D, the continuity and momentum equations are the basic control equations for the 2D debris flow model. These equations, based on -1 and (Equations 3-2, 3-3), govern the volume and mass conservation of the debris flow or flood, and are used for the calculations.
Continuity Equation:
[image: image]
In the equation: t is time; i is the effective rainfall intensity (m/s); Vx-X is the average flow velocity along the X-axis; Vy-Y is the average flow velocity along the Y-axis; h is the flow depth.
Momentum Equation:
[image: image]
[image: image]
In the equation: g is the acceleration due to gravity; sfx and sfy are the friction slope gradients along the X and Y axes, respectively; sox and soy are the bed slope gradients along the X and Y axes, respectively.
Equation 3-2 is the momentum equation in the X-axis direction of the model, used to represent the force balance. The dynamic wave model primarily uses this momentum Equation 3-2 as the central equation. This momentum equation is expressed in a dimensionless form to facilitate the discussion of the effects of accelerated motion during the simulation process. From left to right, the components include: friction slope gradient, bed slope gradient, pressure gradient, and terms related to convective acceleration and local acceleration in the inertial forces.
In the FLO-2D simulation, it is assumed that each direction is one-dimensional fluid flow, and based on this, two-dimensional fluid flow is modeled. The simulation solves the momentum for each one-dimensional direction, then calculates the average velocity at the grid boundaries in that direction. However, for any given grid point, there is a degree of freedom in the flow direction. Therefore, the method first calculates the velocity and flow depth in all eight directions for each grid point, and then, based on this, establishes the concept of two-dimensional fluid flow.
3.1.3 Rheological model equation
The foundation of the FLO-2D debris flow model is the rheological model developed by O'Brien and Julien (O'Brien and Julien, 1988), as shown in Equation 3-4. The rheological model uses a rheological equation in the form of a slope-based equation:
[image: image]
In the equation: Sy is the yield slope gradient; Sv is the viscous slope gradient; Std is the turbulent and diffusion slope gradient; τy is the yield stress; η is the viscosity coefficient; rm is the unit weight of the debris flow material; K is the laminar flow resistance coefficient; ntd is the equivalent Manning’s roughness coefficient.
If the fluid contains a high volume concentration during the study of fluid motion, the increased frequency of collisions between micro-particles within the fluid leads to a corresponding increase in the fluid’s diffusion stress. Therefore, this effect must be considered in the research process, particularly with regard to its influence on the flow resistance. In most cases, as the volume concentration increases, the Manning’s roughness coefficient tends to change in an exponential growth pattern.
3.2 Numerical simulation
3.2.1 Numerical simulation parameters
The surface roughness condition determines Manning’s n value. In this study, Manning’s coefficient n for the debris flow area is set to 0.12. A higher Manning’s n value indicates better vegetation coverage and a rougher surface.
The Digital Elevation Model (DEM) is a mathematical and digital representation of the surface topography, which serves as a necessary prerequisite for simulation. The grid size is determined based on the required research accuracy, ensuring that each grid point is assigned an appropriate absolute elevation. The area of each cell is then calculated using the FLO-2D model. The elevation points are derived through interpolation and the DEM transformation process. This study uses a 5 m × 5 m grid to simulate debris flow in the Lihong Road area.
Volume concentration (Cv) refers to the percentage of solid materials, such as soil, gravel, and stones, within the debris flow relative to the total volume. In this study’s FLO-2D debris flow model, the relationship between volume concentration, yield stress, and viscosity coefficient follows an exponential function. As the volume concentration increases, the yield stress also increases proportionally. The initial volume concentration in this study is set to 0.62, with slight adjustments made based on the simulation results.
The yield stress in this study is the Bingham yield stress, which primarily represents the internal stress of a viscous debris flow. This stress is mainly in the form of viscous forces resulting from the interaction between shear and tensile stresses in the fluid. Therefore, the Bingham viscosity coefficient and the viscous force are closely related. When the viscosity coefficient decreases, the viscous force also decreases, resulting in improved flowability of the debris flow. The increase in volume concentration causes an exponential increase in the Bingham yield stress and the Bingham viscosity coefficient, and the relationship is expressed as follows:
(1) Expression for Yield Stress and Volume Concentration
[image: image]
(2) Relationship between Bingham viscosity coefficient and volume concentration
[image: image]
In the FLO-2D model, the viscosity coefficient and yield stress are determined based on the given parameters α1, α2, β1, β2, and the debris flow volume concentration. α1, α2, β1, and β2 are empirical coefficients. In this simulation, the following parameters are used: α1 = 0.812, α2 = 0.00461, β1 = 13.71, and β2 = 11.25.
After the debris flow occurs, the flowing material inevitably faces various resistances during its movement. The resistance acts along the same line as the flow direction but in the opposite direction. The resistance is closely related to the viscosity force and the fluid’s viscosity coefficient. As the viscosity coefficient increases, the resistance also increases. Another factor influencing resistance is the laminar flow resistance coefficient, which is related to the roughness of the surface through which the debris flow passes. The resistance coefficient K used in this model is set to 2,280 based on numerous complex factors.
The flow rate process of the debris flow is determined by multiplying the bulking factor (BF) by the water flow rate at the debris flow inlet. The BF is calculated based on the volume concentration and is given by the following equation:
[image: image]
If the debris flow fluid carries gravel, the parameter specific gravity is approximately 2.65. If it carries clay, the parameter is approximately 2.75. Since the debris flows in this study area are all classified as gravel-sand type, the specific gravity of the soil and rock materials can be set to 2.65. These expressions are summarized in Equations 3-5, 3-6, 3-7, which respectively define the relationships between yield stress and volume concentration, viscosity coefficient and volume concentration, and the bulking factor used for discharge calculation.
3.2.2 Debris flow simulation
Terrain Data Processing: Using ArcGIS, the DEM files were converted into ASCII files that FLO-2D can recognize. The simulation area was delineated, and the grid division was refined as much as possible. The starting point of the debris flow was determined based on the absolute elevation values of the DEM, and suitable simulation grid points were chosen in combination with field survey results. The simulation starting point was set near the debris flow outlet, considering the characteristics of runoff convergence after rainfall. The study did not involve artificial structures such as dams, and the simulation considered the operational conditions of drainage channels.
Rainfall Process Simulation: The FLO-2D simulation is based on cumulative rainfall percentage data derived from collected rainfall data. The initial value at the beginning of the simulation is zero, and as time progresses, the data is gradually calculated and converted into the total rainfall percentage. By the end of the simulation, the cumulative percentages at all time points sum to 1. The simulation time step was set to 0.4 h, with data extraction every 0.1 h to analyze the convergence of rainfall. The rainfall concentration process line was extracted from the simulation results and combined with field survey and on-site investigation data to determine the debris flow outlet location for the dry gully, providing data support for subsequent clean water flow studies.
Process Numerical Simulation: Using the FLO-2D debris flow simulation software, the debris flow disaster was simulated and reproduced, aiming to replicate the conditions during the catastrophe closely. By referencing the FLO-2D user manual, additional parameters for the debris flow simulation were determined, such as the deposit’s volume concentration and the debris materials’ specific gravity. By integrating the “Rainfall-Runoff Model” in FLO-2D, the clean water flow process line was extracted, and the BF value was calculated using this. This allowed for the calculation of the debris flow’s discharge (see Table 2), enabling the simulation of the entire debris flow process and determination of the disaster’s impact range and deposition thickness.
TABLE 2 | Peak flow of the section at the outlet under different rainfall frequencies within the Lihonglu watershed.
[image: Table 2]3.2.3 Changes in terrain before and after human mining activities
By comparing remote sensing images and DEM data from two periods—before and after human mining activities (Figure 4)—it can be observed that human activities have caused significant modifications to the region’s topography. These modifications primarily manifest in creating pits of various sizes, from sand mining activities to artificial water storage reservoirs. Notably, within the debris flow watershed is a large sand mining pit measuring approximately 230 m in length, 160 m in width, and an average depth of about 10 m, providing a storage volume of roughly 36.8 × 103 m3.
[image: Figure 4]FIGURE 4 | Comparison of remote sensing images before (a) and after (b) the formation of the sand mining pit.
3.2.4 Changes in terrain before and after human mining activities
The DEM data before the formation of the sand mining pit was converted into an ASDII file and imported into the FLO-2D simulation software. The debris flow line and related parameters were input to simulate the debris flow accumulation and migration morphology under different recurrence periods. The results are shown in Figures 5–7, and Table 3.
[image: Figure 5]FIGURE 5 | Distribution of debris flow accumulation thickness (a) and flow velocity under a 100-year return event (b) before the formation of the sand mining pit.
[image: Figure 6]FIGURE 6 | Distribution of debris flow accumulation thickness (a) and flow velocity under a 50-year return period (b) before the formation of the sand mining pit.
[image: Figure 7]FIGURE 7 | Distribution of debris flow accumulation thickness (a) and flow velocity under a 20-year return period (b) before the formation of the sand mining pit.
TABLE 3 | Debris flow simulation results under different rainfall frequencies (before sand mining pits are formed).
[image: Table 3]3.2.5 Simulation of different rainfall frequencies after the formation of sand mining pits
The investigation revealed a large amount of loose material in the gully, which is relatively open and straight. Debris flow occurrence is risky under conditions of heavy rainfall. Therefore, simulations can predict the potential disaster severity of debris flows in the Lihong Road area under various rainfall frequencies, providing reasonable guidance for debris flow mitigation efforts in the region.
The debris flow discharge curve and related parameters were input in the FLO-2D debris flow module, and the simulation was initiated. The Lihong Road debris flow simulation results under different recurrence intervals are shown in Figures 8–10, and Table 4.
[image: Figure 8]FIGURE 8 | Distribution of debris flow accumulation thickness (a) and flow velocity (b) under the condition of once in 100 years.
[image: Figure 9]FIGURE 9 | Distribution of debris flow accumulation thickness (a) and flow velocity (b) under the condition of once in 50 years.
[image: Figure 10]FIGURE 10 | Distribution of debris flow accumulation thickness (a) and flow velocity (b) under the condition of once in 20 years.
TABLE 4 | Debris flow simulation results under different rainfall frequencies.
[image: Table 4]3.3 Simulation results analysis
This study calculated the debris flow accumulation and movement under two conditions using FLO-2D. After forming the sand mining pit, the estimated volume was the amount of debris flow that converged into the sand pit. The survey calculation results, on the other hand, corresponded to the volume of material that flowed out of the gully. These two results are not directly comparable. However, the data shows that the simulated results were more significant than the survey results. This discrepancy is mainly due to the longer flow path in the survey calculation, whereas the actual material flowing out of the gully was relatively small. In contrast, due to the blockage by the sand mining pit, the simulated calculation results showed that all debris flow material accumulated in the pit, leading to a larger deposition volume.
By comparing the numerical simulation results before the formation of the sand mining pit with the survey calculation results (see Table 5), the results are generally consistent, except for the 5% rainfall frequency, where the results differ. For the 5% rainfall frequency, the FLO-2D simulation showed that the debris flow did not exit the gully, resulting in a discharge volume 0.
TABLE 5 | Comparison of survey calculation results and simulation calculation results.
[image: Table 5]4 DEBRIS FLOW FORMATION MECHANISM AND DISASTER MODEL
4.1 Formation mechanism
The formation mechanism of the Lihong Road debris flow is a complex process influenced by multiple factors, including topography, precipitation, material sources, and human activities. Topographic conditions are a vital foundation for the occurrence of debris flows. The topography of the Lihong Road debris flow watershed has significant elevation variations, with many gully valleys forming V-shaped profiles and steep slopes (approximately 45°). The terrain’s steepness and the valleys’ narrow characteristics facilitate the convergence of water flow, which enhances soil erosion and water loss from the slopes. The slopes are severely weathered, and the soil layer is loose. These topographic features provide ample material sources for the sediment carried by water flow and rainfall.
Precipitation is decisive in forming debris flows (Iverson, 1997; Malet et al., 2005; Borga et al., 2014). Rainfall in the Lihong Road area is concentrated between June and August, with heavy rainfall and high intensity. Frequent torrential rain and extreme precipitation events occur in this region. Continuous and short-duration intense rainfall dramatically increases water flow within the valleys, causing slope instability. During rains, the scouring effect of water gradually weakens the slope, creating large amounts of loose material that enter the valley with the water flow, ultimately converging to form debris flows. The intensity, duration, and antecedent rainfall directly influence debris flow formation (Tian et al., 2022). The antecedent rainfall increases soil moisture, raises the saturation of the slope material, and reduces the soil’s resistance to erosion, thus creating favorable conditions for debris flows.
Material sources are also crucial in supporting debris flow formation (Costa, 1984; Iverson et al., 1997; He et al., 2020; Du et al., 2024). The slopes in the Lihong Road debris flow watershed are covered by a 0.5-meter thick layer of sandy soil and gravel, with the underlying strata primarily consisting of brick-red mudstone and sandy mudstone. The surface is heavily weathered, and the soil structure is loose, making it susceptible to water erosion. The gully bed consists of mudstone, vulnerable to incision and erosion, leading to more solid material being washed into the valley. Additionally, human sand mining activities have resulted in large amounts of loose sediment in the watershed. These human activities not only alter the stability of the slopes but also affect the flow direction of the debris flow, changing its flow pattern, especially near the sand mining pits at the mouth of the gully, where the flow direction is diverted.
Human activities significantly impact the formation and evolution of debris flows. Sand mining, road construction, and other human activities in the Lihong Road area have damaged the original landform structure, reducing slope stability and increasing the risk of debris flow (Chen N. et al., 2015; Guo et al., 2021b; Li Y. et al., 2021). In the sand mining pit areas, artificial excavation has altered the water flow direction in the gully, affecting the normal flow of debris flow. While the sand mining pit temporarily mitigates the threat of debris flow to downstream roads and farmland, under sufficient rainfall and abundant material sources, debris flow may still migrate downstream along the gully.
4.2 Disaster manifestation and impact
The Lihong Road debris flow disaster manifests in two primary modes: scouring destruction and sediment accumulation (Major, 1997; Tang et al., 2012; Po et al., 2024; Qu et al., 2024). During intense rainfall, the debris flow accelerates, enhancing its erosive power. This results in severe damage to slopes, vegetation, and infrastructure along the gully, particularly in areas with steeper slopes where the scouring force is most intense. While the flow mainly consists of gravel and small stones—less destructive than larger boulders—it still poses significant risks to infrastructure.
As the debris flow moves through the gully, it deposits large volumes of sediment, particularly at the gully mouth and accumulation zones. These areas, characterized by relatively flat and modified terrain, experience a rise in ground elevation due to continuous sedimentation, which alters the local topography and creates raised landforms. The diversion of the flow near sand mining pits exacerbates this sediment accumulation, further modifying the landscape. Over time, this accumulation negatively affects land use and agriculture, while increasing the risk of future debris flow events.
The evolution of the debris flow disaster is influenced by both natural and human-induced factors. Torrential rainfall triggers debris flows, but human activities such as sand mining and infrastructure development have altered natural flow patterns, increasing the frequency and intensity of debris flows. These human modifications complicate risk assessment and disaster mitigation efforts. To address the risks, strategies such as precipitation monitoring, soil moisture management, and engineering protections (e.g., gully reinforcement and sediment control) are crucial for reducing future debris flow hazards and improving resilience in the region (Santi et al., 2011; Chen X. et al., 2015; Moraci et al., 2024).
5 CONCLUSION

(1) This study identifies the primary factors contributing to debris flow formation in the Lihong Road area: topography, precipitation, material sources, and human activities. The steep slopes and well-developed gully valleys, combined with extreme rainfall events, create ideal conditions for debris flows. The research also reveals that antecedent rainfall, slope material saturation, and rainfall intensity are critical factors influencing debris flow occurrence. These findings contribute to a better understanding of debris flow formation mechanisms and can be used to predict future events based on changing weather conditions.
(2) The study provides a detailed risk assessment of debris flow hazards, focusing on key dynamic parameters such as flow velocity, depth, and deposition thickness. Simulation results show how these parameters change with varying precipitation, offering valuable insights into the spatial distribution and intensity of debris flows. The research contributes to more accurate risk assessment models that can guide decision-making for disaster management and mitigation strategies.
(3) The findings underscore the importance of targeted disaster prevention strategies, including better precipitation monitoring, soil moisture management, and engineering protections (e.g., gully reinforcement and sediment control). The study also highlights the role of human activities—especially sand mining and infrastructure development—in altering debris flow behavior. By focusing on reducing material accumulation and stabilizing slopes, these findings offer concrete recommendations to mitigate future debris flow risks in the region.
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Frequency

100-year period (1%) 430 7.18

50-year period (2%) 344 574 m/s

20-year period (5%) 258 431
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