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Landslide clusters pose significant threats to mountainous regions worldwide, with their complex failure mechanisms and dynamic behaviors requiring comprehensive investigation. This study focuses on the Hongyacun landslide cluster in Qinghai Province, China, a representative example of multi-stage slope failures triggered by hydrological and geological interactions. By integrating field observations with advanced numerical modeling, we aim to reconstruct the full kinematic process of four sub-landslides within the cluster and elucidate the critical factors governing their initiation, motion, and deposition. The research provides insights into flow-slide dynamics under rainfall conditions, addressing a key gap in hazard assessment methodologies for analogous landslide-prone regions. A multidisciplinary approach was employed combining detailed field surveys and three-dimensional numerical simulations. Field investigations mapped the spatial distribution and geometric characteristics of the four sub-landslides (total volume: 2.46 × 106 m3), while geotechnical analyses identified moisture-induced strength reduction as a primary destabilization factor. The Landslides Post-Failure 3D (LPF3D) simulator was implemented to reconstruct landslide kinematics under two scenarios: natural (pre-rainfall) and rainfall-saturated states. The simulations incorporated soil rheological parameters, hydrological conditions, and terrain data, with particular attention to fluid-solid interactions during motion. Numerical simulations revealed distinct motion patterns between dry and saturated conditions. Continuous rainfall infiltration increased soil saturation by 18-25%, reducing shear strength while enhancing material fluidity. This hydrological transformation generated significant hydrodynamic effects during sliding, with fluid drag forces amplifying mobility rather than providing resistance. Sub-landslide H2-2 exhibited the most hazardous behavior, achieving peak velocity of 32.5 m/s within 70 s and traveling 700 m—42% farther than dry-state simulations predicted. Deposit patterns from all sub-landslides showed >85% spatial consistency with field observations, validating the model's predictive capability. This study demonstrates that rainfall-induced pore pressure development creates dual destabilization effects: reducing shear resistance while enabling fluid-mediated lubrication. The paradoxical role of hydrodynamic forces—enhancing mobility through drag-induced momentum transfer rather than damping—explains the exceptional runout distances observed. The H2-2 sub-landslide’s predominance in damage potential correlates with its unique geometric positioning and hydrological connectivity within the cluster. These findings advance understanding of multi-landslide interaction mechanisms and provide a validated framework for assessing rainfall-triggered landslide cascades. The LPF3D methodology proves particularly effective for hazard zonation in complex terrain, offering critical inputs for early warning systems and mitigation planning in comparable geological settings.
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1 INTRODUCTION
Rainfall is a major factor in triggering flow landslides in mountainous areas. In most mountainous landscapes, landslides may be triggered by either short periods of intense rainfall or long periods of low intensity rainfall (Gao et al., 2017; He et al., 2023; He et al., 2024; Yan et al., 2024). These landslides often occur suddenly and can slide as far as several kilometres at high speeds. In recent years, a number of catastrophic rainfall-induced landslides have occurred in China, resulting in significant casualties and property damage (Yin et al., 2011; Yin et al., 2017; Xing et al., 2015). Therefore, an in-depth understanding of the possible mechanisms and behaviours of these high-level remote landslides from initiation to final deposition is of utmost importance. In order to predict the motion trajectories of landslides after destruction, researchers have developed a variety of dynamic models. For example, a model of a sled (Sassa, 1988), continuum models (Hungr, 1995), quasi-three-dimensional model (Chen and Lee, 2003), continuum medium model of a flow landslide (Crosta et al., 2003), depth-averaged computational model (Denlinger and Iverson, 2004), depth-averaged model for the simulation of rapid landslide motion across complex 3D terrain (McDougall and Hungr, 2004), the continuum mechanics model, RASH3D (Pirulli and Mangeney, 2008), continuum mechanics versus discontinuum mechanics models (Poisel et al., 2008), smoothed particle hydrodynamics (Huang et al., 2012), models considering friction base shear stress, effective coulomb friction coefficient and hypermobility function (Pudasaini and Miller, 2013), SPH depth-integrated model (Pastor et al., 2014), two-dimensional Savage-Hutter model considering velocity-decaying friction law (Liu et al., 2015). Although the validity of these dynamic models has been verified by inverse analyses of several real landslide cases, relatively few reports have successfully predicted landslide motions, mainly because different types of landslides require different models or parameters. However, inversion analysis of cases is still crucial as successful inversion can be used not only to calibrate the model and improve the prediction accuracy, but also to provide specific parameters for similar types of landslides, which can be used for predictive modelling of potential landslides.
There are several numerical simulation software available that have been used in an attempt to better understand and better predict the mobility of such landslides, these include DAN-W/DAN3D, LS-RAPID, SPH, RAMMS, and others (Hungr, 1995; Hungr and Evans, 2004; Hungr, 2008; Davies and McSaveney, 1999; Xu et al., 2010; Sassa et al., 2010; Tang et al., 2011; Zhang et al., 2010; Xing et al., 2015; Wang et al., 2024). Landslides post failure 3D (LPF3D) is a 3D post landslide numerical simulation software based on a physical model of particle flow regime. It combines the smooth particle hydrodynamics (SPH) method coupled with DEM, FEM, and SDPH to form a new multiphase multimedium numerical simulation method, which is specialised in dealing with the complex interactions of fluids, particles and solids in landslides. This method solves the deficiencies of the traditional methods in computational pressure, accuracy and macroscopic properties acquisition, as well as the difficulties of the Eulerian grid method in landslide trajectory tracking and 3D computation (Gao et al., 2023; Gao et al., 2024a). LPF3D has a wide range of application value in the fields of landslide impacts, engineering protection, geohazard chain, and debris flows due to its high efficiency and accuracy.
At 01:05 on 1 September 2022, a serious landslide occurred in Hongya Village, located in Weiyuan Town, Huzhu County, Qinghai Province, China. The landslide caused damage to several buildings and resulted in seven deaths. Observations showed that the Hongyacun landslide underwent three consecutive sliding processes, resulting in four distinct landslide overlay bodies. After instability of the landslide, long-distance flow sliding occurred, exhibiting the distinctive features of cluster, chain and long-distance sliding. These features make the Hongyacun landslide highly representative of the eastern part of Qinghai, and provide an important case for the study of geological hazards.
In this study, we describe the motion characteristics of the Hongyacun landslide. By analysing the field investigation data, remote sensing interpretation data and rainfall information, we study the destabilisation mechanism of the Hongyacun landslide. LPF3D numerical simulation software was used to simulate the dynamic process of the landslide and to analyse the dynamic mechanism of the landslide. This study not only provides a scientific basis for the causes of Hongyacun landslides, but also provides guidance for the risk assessment and prevention of geological disasters in the region.
2 CHARACTERISTICS OF HONGYACUN LANDSLIDE
2.1 Sliding characteristics of Hongyacun landslide
The Hongyacun landslide is located in Hongya Village, Huzhu County, eastern Qinghai Province. The geographic coordinates of the centre point of the landslide are 101°56′3.00″E, 36°51′41.04″N. The location of the landslide is shown in Figures 1, 2. At 16:00 on 31st August, 2022, deformation and sliding occurred in the slope at the back side of the Zhenyuan Driving School in Huzhu County (Figure 1A). At 1:05 on 1 September, another large-scale slide occurred in the landslide area, killing seven people and damaging a large number of buildings, including the teaching building, teachers’ apartment and laboratory building of the Third Middle School in Huzhu County, the villagers’ houses in the Hongya villages, as well as the plant facilities of the Zhenyuan Driving School and the Dongqing Concrete Company Limited. The direct economic loss was 85.51 million yuan.
[image: Figure 1]FIGURE 1 | (a) Overall view of the Hongyacun landslide cluster, (b) Schematic diagram of the overall slip process of the Hongyacun landslide cluster.
[image: Figure 2]FIGURE 2 | Basic characteristics of hongyacun landslide. (a) Bank wall of the landslide (b) sidewall of the landslide (c) bulge at the leading edge (d) bilge at the leading edge.
The Hongyacun landslide slid three times successively, forming four landslide overlay bodies. on August 31, the first landslide occurred on the back side of Zhenyuan Driving School, the landslide debris flow slid a distance of about 75 m, burying the colourful steel room of Zhenyuan Driving School and forming No. 1 landslide overlay body. At 1:05 a.m. on September 1, the slope on the back side of the Huzhu Third Middle School slid as a whole to the school area below, with a slip distance of 210 m, buried the school below, resulting in the destruction of three school buildings, seven people died, the formation of No.2 and No.3 landslide overlay bodies. At the same time, the slip unloading in the centre-front part of the landslide led to destabilisation and deformation in the centre-back part of the slide. As the slope was in a high water content state, this part of the slide formed a fluvial landslide, which partly overtopped to the opposite slope, forming a rung terrain. Most of the slide body slid downward along the right side of the gully for about 460 m, burying part of the plant on the west side of Dongqing Concrete Company Limited, forming the No.4 landslide overlay body. The sequence of the whole sliding process is as follows: No. 1 landslide overlay body → No. 2 and No. 3 landslide overlay bodies → No. 4 landslide overlay body. Figure 1B shows the schematic diagram of the overall sliding process of the landslide.
2.2 Morphological characteristics of Hongyacun landslide cluster
Hongyacun landslide cluster is developed in the transition zone between low hills and river valley plains. The overall shape of the landslide resembles a ‘wide tongue’, and the main slip direction is ranges between 103°∼167°. The elevation of the trailing edge is 2,666∼2726 m, the elevation of the front edge is 2,547∼2580 m, and the overall elevation difference is 114∼152 m. The longitudinal length of the landslide is about 370∼740 m, the transverse width is about 470∼1050 m, and the area is about 53.2 × 104 m2. The average thickness of the body of the landslide is about 40 m, and the total volume is about 2,108 × 104 m3, which is an exceptionally large landslide. The boundary of the landslide is clear, the trailing edge of the slide wall extension length of about 480 m, was arc-shaped steep elevation, slope 60 ∼ 70°, the height of the slide wall 8 ∼ 40 m. The west side of the shear side wall extension length of about 255 m, was arc-shaped steep elevation, slope 70° or so, the side wall height of 13 ∼ 21 m. The east side of the landslide in the natural ditch as a boundary, the east side of the boundary of the leading edge of the shear exit is located in the foot of the slope terraced junction parts, shear exit is manifested as a series of dropsy deformation. In the west side of the Dongqing concrete mixing plant, the back side of the residential area of Hongya Village, Zhenyuan Driving School to the north and other areas can be seen in the obvious signs of ground uplift and dropsy, the terrain displacement is obvious. The basic situation of the Hongyacun landslide is shown in Figure 1B.
According to the spatial morphology, main slide direction and structural characteristics of the landslide cluster, the Hongyacun landslide cluster can be divided into two main sliding areas, i.e., landslide H1 and landslide H2. Landslide H2 contain two secondary landslides, namely, secondary landslide H2-1 and secondary landslide H2-2. As a result of remote sliding of the landslides, two landslide overlay body were formed on the H1 landslide, namely, No. 1 and No. 2, and two landslide overlay body were formed on the H2 landslide, namely, No. 3 and No. 4, as shown in Figure 1B.
2.2.1 H1 landslide of Hongyacun landslide
H1 landslide is located in the east side of the Hongyacun landslide, the plan form is “wide tongue” shape, with a main slip direction 103 ∼ 120°. The back edge elevation 2,692 ∼ 2710 m, the front edge elevation 2,546 ∼ 2562 m, the overall drop of about 130 ∼ 165 m. The longitudinal length is 410∼740 m, the transverse width is 200∼900 m, the area is 31.7 × 104 m2, the average thickness of the slide body is 40 m, and the volume is 1,268 × 104 m3. the terrain of the landslide is high in the west and low in the east, and the slope degree is 16°–20°, and the sliding form multi-levels. After sliding, it formed multi-stage platform, and the overall displacement amounted to 52 m. After sliding, the terrain was broken, undulating and uneven, and 2 levels of obvious downward sliding walls were developed, which were located in the rear edge and the middle part. After the landslide, more anti-slopes and depressions were formed in the rear and central part of the landslide, and a stacked-tile topography was formed in the rear edge. Shear walls and cracks on the slope are more developed, and there are more steep cliffs, broken walls and pull-down slots, the height of steep cliffs and broken walls is generally 3–5 m, and the depth of pull-down slots is generally 2–4 m, and the width is 3–5 m. H1 landslide profile is shown in Figure 3A.
[image: Figure 3]FIGURE 3 | (a) H1 landslide profile of hongyacun landslide, (b) Full view of landslide overlay body No. 1 and No. 2 of landslide H1 of Hongyacun Landslide.
The front slide of landslide H1 has been sliding remotely, and two landslide overlay bodies have been developed. The No. 1 landslide overlay body is located at the back side of Zhenyuan Driving School, with irregular “dustpan” shape, length of landslide overlay body about 120 m, width of landslide overlay body 110 m, average thickness of landslide overlay body about 8 m. The main direction of sliding is 103°, area of landslide overlay body is 3.67 × 104 m2, the volume of landslide overlay body is 29.3 × 104 m3, movement distance about 75 m. The No.2 landslide overlay body is located in the back side of Huzhu Third Middle School, the plan form is of a “long tongue” type, the average length of the landslide overlay body is about 320 m, the average width is about 120 m, the average thickness is about 8 m, the main sliding direction is 108°, the slip cover area is 7.8 × 104 m2, and the volume is 62.4 × 104 m3. The difference in elevation between front and back of the No.2 landslide overlay body is big, and the shear exit position is higher. The slide body high-speed remote slip, slip distance up to 210 m, as shown in Figure 3B.
2.2.2 H2 landslides in the hongyacun landslide
H2 landslide is located in the southwest side of the Hongyacun landslide, the plan form is ‘long tongue’ shape, the main slip direction of about 167°. The elevation of the back edge is 2,710∼2,728 m, the elevation of the front edge is 2,554∼2,580 m, and the overall difference in elevation is about 140∼155 m. The longitudinal length of the landslide is about 600 m, the transverse width is 300∼500 m, the area is about 21 × 104 m2, and the average thickness of the landslide body is about 40 m, and the volume is 840 × 104 m3. The terrain is high in the north and low in the south, with an overall slope of 16°–20°, the rear H2-1 secondary landslide is higher than the front H2-2 secondary landslide by 20–40 m, with a slip of up to 45 m, and the slope is basically disintegrated after it is situated, and the slope of the rear edge is stacked tile-like, with a slope of about 5°–10°, and locally there are ring-type grooves and strip landslide depressions, the front edge of the H2-1 secondary landslide is steeper, with a slope of 40°–45°, forming good free surface conditions. The displacement of the slope body in the middle and front part of the H2 landslide is not large, and the slope body disintegration is not obvious, basically maintaining the original slope condition. The cross-section of the H2 landslide is shown in Figure 4A.
[image: Figure 4]FIGURE 4 | (a) H2 landslide profile of the Hongyacun landslide, (b) Full view of H2-1 secondary landslide, (c) Full view of H2-2 secondary landslide.
H2-1 secondary landslide is located at the rear of H2 landslide, the back edge and both sides of the boundary basically coincide with the H2 landslide, and the shear exit is located in the centre of the platform at the turn. The elevation of the back edge ranges from 2,680 to 2,706 m, and the elevation of the shear exit is between 2,619 and 2,640 m, and the overall elevation difference is 60–70 m. H2-1 secondary landslide is in the form of a ‘rectangle’, with the main slip direction of about 170°, an area of about 4.56 × 104 m2, an average thickness of the slide body of about 21 m, and a volume of about 96 × 104 m3, as shown in Figure 4B.
H2-2 secondary landslide is located at the front edge of H2 landslide, with a rear elevation ranging from 2,610 to 2,615 m and a shear exit elevation between 2,561 and 2,566 m, resulting in an overall elevation difference of 46–55 m. The landslide planform is in the shape of ‘tongue’, the main slip direction is about 163°, the area is about 3.06 × 104 m2, the average thickness is about 19 m, the volume is 58 × 104 m3, and the material composition of the landslide is loess and fractured mudstone, as shown in Figure 4C.
H2 landslide developed two landslide overlay bodies. Among them, the No. 3 landslide overlay body is located in the east side of Dongqing Concrete Co., Ltd., the plane form is irregular ‘tongue’, the landslide overlay body is about 120 m long, 110 m wide, average thickness is about 5 m, the main slip direction is 170°, the landslide overlay body area is 1.2 × 104 m2, the volume is about 6 × 104 m3. The slide body as a whole slid down, the movement distance of about 60 m, destroyed the east side of Dongqing Concrete Company Limited part of the plant and vehicles. The No.4 landslide overlay body is located in the west of Dongqing Concrete Co., Ltd., and its plan form is ‘irregular’, the No.4 landslide overlay body is blocked by the mountain, and its movement direction has been turned several times, the rear transport direction is about 223°, the middle transport direction is about 177°, and the front transport direction is about 104°. The axial extension of the landslide overlay body is about 700 m long, 50–90 m wide on average, 10 m thick on average, with an area of 5.8 × 104 m2 and a volume of 58 × 104 m3. The material of No.4 landslide overlay body mainly comes from H2-1 secondary landslide, the original topography and bedrock surface of the location where the landslide is located are steeper, the slip body of H2-1 secondary landslide is sheared out in the middle, and part of it is washed over to the opposite slope, forming a Longang terrain, and most of the slip body is transported downward at high speed of about 460 m along the gully, and the tongue of the slip is covered by the part of the plant on the west side of Dongqing Concrete Company Limited, as shown in Figure 5.
[image: Figure 5]FIGURE 5 | Full view of landslide overlay bodies No. 3 and No. 4.
3 ANALYSIS OF TRIGGERING FACTORS OF HONGYACUN LANDSLIDE
3.1 Geological environment factors
The Hongyacun landslide is located in the eastern part of Qinghai Province, at the westernmost end of the Loess Plateau, which is the area with the most significant loess development in Qinghai Province. The region has been subjected to strong geological effects, and its geomorphological features show the characteristics of interlocking gullies and ravines, forming a variety of loess geomorphological units and a large number of loess gullies and valleys. Influenced by internal or external forces, either alone or jointly, erosion and damage, steep terrain appears widely on both sides of rivers, gullies, highways, railways, etc., which provides good proximity conditions for the formation of loess landslide clusters.
The overall height difference of the landslide cluster of Hongyacun is about 150 m, the average slope is about 20°, and the slope in local area is as high as 50°–60°. The steep topography provides favourable free surface conditions for the formation of the landslide cluster. In addition, the lithology of the landslide body is the wind-deposited loess (Q3eol) of the Upper Pleistocene, with a loose structure and developed vertical joints and fissures, which is the material basis for the occurrence of landslides. And the lower part of loess, the Neoproterozoic mudstone becomes the key structural surface to control the landslide. Moreover, the overall slope direction of the landslide is 120∼170°, and the stratigraphy of the underlying mudstone has an inclination of 130°, with a dip angle of 12°–15°, which is a downward slope, providing favourable geological conditions for the sliding of the landslide body, and the soft and weak interlayers in the mudstone provide mechanical conditions for the downward sliding of the landslide.
In the rear part of the landslide, there is an upper layer of stagnant water in the gravel layer at the bottom of loess. At the same time, the area is rich in groundwater, groundwater long-term recharge to the landslide area, causing a saturated silt layer at the bottom of the loess in the landslide area, and the bedrock weathering fissure zone has been in a state of water saturation for a long time. The long-term action of groundwater not only reduces the strength of loess and mudstone, forming a weak sliding surface, but also the buoyancy force and drag force formed by the dynamic water pressure of groundwater are important factors leading to landslide sliding (Gao et al., 2022).
At the foot of the landslide, there are residential areas, the Huzhu Third Middle School, a brick factory, a driving school and a concrete mixing plant, among other infrastructures. These facilities in the construction of the foot of the slope generally cut the slope treatment, the formation of the height of about 4–40 m ranging from steep slopes, the gradient of 50 ∼ 80°. Excavation of the foot of the slope not only changed the stress state of the leading edge slope, but also greatly reduced the slip resistance of the foot of the slope. Excavation of the foot of the slope is also an important factor in inducing landslides.
In addition, on the surface of the landslide, there are greening and irrigation works. These works have a grid-like underground pipe network and locally constructed cisterns with localised water leakage. The irrigation and landscaping works increased the water content of the landslide, leading to an increase in heaviness and softening of the soil, which triggered the localised landslides.
In summary, the influence of geological environment on the development of landslides is manifested in many aspects such as topography and geomorphology, stratigraphic lithology, groundwater and so on, which are the basis of the development of landslides and intrinsic factors of landslide development.
3.2 Rainfall factors
Continuous heavy rainfall in August was an important triggering factor for the Hongyacun landslide. According to monitoring data from nearby rainfall stations (Figure 6), eight rounds of heavy rainfall processes were experienced in August, with a cumulative total of 21 days of rainfall and a total rainfall of 224.7 mm. Among them, the maximum 24-h rainfall was recorded on August 3, amounting to 47.4 mm. The cumulative rainfall for the 5 days prior to the landslide (27–31 August) totaled to 41.8 mm. On the one hand, rainfall infiltration causes the soil body’s self-weight to increase, making the sliding force larger. On the other hand, the potential slip surface becomes saturated, weakening its mechanical properties and reducing the slip resistance. Additionally, rainfall infiltration recharge causes the groundwater level to rise rapidly within the slide, leading to a sharp increase in dynamic water pressure and mudstone fissure water bearing pressure. This forms a strong “buoyant force” at the bottom of the slip surface, resulting in a decrease in the normal pressure at the front of the landslide’s slip resistance section. Consequently, the friction force between the slide and the sliding bed of the body decreases dramatically, ultimately triggering the overall slip of the landslide. The slide will eventually be triggered to slide as a whole.
[image: Figure 6]FIGURE 6 | August 2022 rainfall graphs for the Hongyacun landslide.
According to the field investigation, the landslide body has many drop holes (Figure 7), and the total number of drop holes developed in the back edge and the centre is about 20. The diameters of the drop holes range is 1–3 m, and some of the drop holes are connected at the bottom to form surface collapses, with a collapse length of more than 20 m and a width of 5 m. The existence of these drop holes provides a natural infiltration channel for rainfall, which can rapidly enter the slope and reach the water barrier layer, leading to a rapid reduction in the shear strength of the potential slip surface and triggering sliding damage.
[image: Figure 7]FIGURE 7 | Development of drop holes on landslide mass.
4 ANALYSIS OF LANDSLIDE DYNAMIC PROCESSES
4.1 Numerical simulation method and calculation process
4.1.1 Introduction of the method
The Landslides post failure 3D (LPF3D) numerical simulation software derives its theoretical basis from a complex particle flow physics model. By integrating the Smooth Particle Hydrodynamics (SPH) method, a coupling bridge with DEM, FEM, SDPH and other methods is successfully constructed, thus pioneering a new numerical simulation method for multiphase multimedium coupled computation, which is specifically designed to deal with the complex interactions of landslide fluids, granular bodies and solids. Compared with software focused on continuous media simulation such as DAN-W (Yin et al., 2016) and RAMMS (Zhang et al., 2023), and discrete element software PFC (Zhang et al., 2020), which focuses on particle flow simulation, LPF3D is able to deal with these different physical phases in a unified framework, showing its unique advantages (Gao et al., 2024b).
This method not only effectively overcomes the computational pressure, lack of accuracy and difficulty in obtaining the macroscopic properties of the system when dealing with a large amount of data using the traditional discrete cell method, but also solves the technical difficulties of the traditional Eulerian grid method in tracking the trajectory of landslide motion and realising the full three-dimensional computation (Gao et al., 2023; Gao et al., 2024a). With its efficient and high-precision computational capability, LPF3D is widely used in the solution of complex dynamics problems such as landslide dynamics protection engineering, high-speed remote landslide impact scavenging, geological disaster chain blocking river and dam break, and two-phase flow motion of debris flow.
4.1.2 Calculation method
The computational method used in this software is the macroscopic continuous medium algorithm, which is applicable to the computation of discrete granular materials and fluid-mediated materials, all based on the continuity equation (Equation 1), the equation of motion (Equation 2), and the energy equation (Equation 3) of hydrodynamics (Gao et al., 2023; Gao et al., 2024b). When dealing with granular objects such as gravel, sand and soil involved in landslide motion, the smooth discrete particle hydrodynamics approach is used for modelling and solution. This method ensures the rigour, stability and accuracy of the calculations and provides a reliable mathematical basis for the simulation of the landslide motion process.
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Each physical quantity is represented by the following symbols: [image: image] for density, [image: image] for velocity, [image: image] for energy, [image: image] for mass, and [image: image] for the stress tensor. The pressure gradient of the continuous phase is denoted by [image: image] and the pressure gradient of the discrete phase is denoted by [image: image]. External volume forces are denoted by [image: image] and interphase interaction forces are denoted by [image: image]. In addition, [image: image] represents the boundary force tensor. The energy dissipation term is represented by [image: image], where [image: image] is the energy dissipation factor. The energy dissipation term due to inter-particle collisions is denoted by [image: image]. [image: image] is the energy exchange between the continuous and particulate phases and is generally taken as [image: image], where [image: image] is the coefficient of trailing force between the fluid phase and the particulate phase.
4.2 Model establishment and parameter selection
4.2.1 Numerical model establishment
In order to accurately and quantitatively describe the topographic and geomorphological features of the Hongyacun landslide cluster, this study used 1:2,000 scale 3D contour data to construct a topographic and geomorphological model of the landslide complex. In the slide source area, loess slide and fluid models were set up respectively, as shown in Figure 8.
[image: Figure 8]FIGURE 8 | Three-dimensional geometric model of the landslide cluster.
Based on the assumption that the landslide was triggered by the impact of continuous rainfall, in order to simulate the process of motion accumulation of fluids and geotechnical particles, inverse simulations were carried out to assess and analyse key quantitative data such as the distance of movement, speed of movement, and accumulation extent of the landslide. The results of these analyses will provide important technical support for the spatial prediction, disaster prevention and mitigation, and emergency relief of loess landslides in eastern Qinghai.
4.2.2 Selection of simulation parameters
The physico-mechanical parameters of the slide material are adopted from the actual parameters, which are basically consistent with the parameters of the real landslide material. The slide material consists of loess with a solid particle density ρ = 1,700 kg/m3. The fluid material is dilute slurry with main parameter ρ = 1,200 kg/m3 and viscosity coefficient 0.0015 Pa∙s. The solid material is simulated by multi-physical state simulation technique of dense, dilute and ultra-dilute. The volume fraction critical value of the dense and transition states is 60%, and that of the transition and dilute states is 40%. When the volume fraction is less than 2% for the ultra-sparse state, the fluids and solids are simulated using fully coupled numerical simulations with the same location and different volume value assignments. The simulation objects are No.1, No.2, No.3 and No.4 landslide overlay bodies, respectively. The specific simulation parameters are shown in Table 1.
TABLE 1 | Parameters of LPF3D simulation of Hongyacun landslide.
[image: Table 1]4.3 Analysis of simulation results
4.3.1 Comparison of simulation results for different working conditions
The simulation results of the No.1 landslide overlay body are compared and analysed in the natural working condition: the maximum thickness of the landslide overlay body is 12 m, when rainfall is not taken into account, the slip body is a simple dry loess solid, and no fluid coupling is taken into account, and no movement of the slip body occurs. Rainfall conditions: rainfall and loess fully coupled, prompting the slip body instability to start sliding, solid particles in the fluid phase between the drag effect of the formation of long-distance movement, with obvious fluidisation characteristics. The maximum thickness of the deposit reached 14 m, and the maximum distance of movement was 300 m. After being cut out along the shear exit, the landslide overlay body were characterised as sliding in a straight line. During the sliding pro`cess, the landslide overlay body consumed energy and eventually piled up to form, and their piled-up morphology showed an irregular skip shape, which was consistent with the piled-up morphology of the No.1 landslide overlay body (Figures 9A1, 9A2).
[image: Figure 9]FIGURE 9 | Comparison of the results of the movement and accumulation of different landslide overlay body under different working conditions. (a1) No. 1 landslide overlay body under the natural working conditions (stack thickness 12 m), (a2) No. 1 landslide overlay body under rainfall conditions (stack thickness 14 m), (b1) No. 2 landslide overlay body under the natural working conditions (stack thickness 18 m), (b2) No. 2 landslide overlay body under the natural working conditions the rainfall conditions (stack thickness 20 m), (c1) No. 3 landslide overlay body under the natural working conditions (stack thickness 10 m), (c2) No. 3 landslide overlay body under the rainfall conditions (stack thickness 20 m), (d1) No. 4 landslide overlay body under the natural working conditions (stack thickness 10 m), (d2) No. 4 landslide overlay body under the rainfall conditions (stack thickness 10 m).
Comparative analysis of the simulation results of the No.2 landslide overlay body. Natural condition: when rainfall is not considered, the slide is a pure dry loess solid, without considering fluid coupling, the slide is relatively stable, no movement occurs, and the maximum thickness of the slide is 18 m. Rainfall condition: the rock and soil body of the landslide overlay body slides forward under the effect of vibration influenced by rainfall, and the maximum thickness of the accumulation occurs in the foot of the slope, with the maximum thickness of the accumulation reaching 20 m, and the maximum distance of the movement is 480 m. After being sheared out along the shear outlet, the landslide overlay body exhibited linear sliding kinematics, and their final stacking morphology showed a long tongue shape, a feature that matches the stacking morphology of the No.2 landslide overlay body (Figures 9B1, 9B2).
Comparative analysis of the simulation results of the No.3 landslide overlay body. Natural working condition: the maximum thickness of the landslide overlay body is 10 m, when rainfall is not considered, the slip body is pure dry loess solid, fluid coupling is not considered, and no movement of the slip body occurs. Rainfall conditions: rainfall and loess fully coupled, prompting the slip body instability to start sliding, solid particles in the fluid phase between the drag effect of the formation of long-distance movement, with obvious fluidisation characteristics. The maximum accumulation thickness of the stack reached 12 m, and the maximum movement distance was 200 m. After being cut out along the shear outlet, the landslide overlay body undergoes an overall misalignment and piles up at the foot of the slope, and its final stacking pattern takes on a tongue-like shape, a feature that matches the stacking pattern of the No.3 landslide overlay body (Figures 9C1, 9C2).
The maximum thickness of the No.4 landslide overlay body is 8 m, when rainfall is not considered, the slip body is pure dry loess solid, and no fluid coupling is considered, the slip body did not move. Rainfall conditions: rainfall and loess fully coupled to the case, prompting the slip body instability to start sliding, solid particles in the fluid phase between the drag effect of the formation of long-distance movement, with obvious fluidisation characteristics. The maximum accumulation thickness of the stack reached 10 m, and the maximum movement distance was 700 m. After instability, the direction of movement of the landslide overlay body turned several times because it was blocked by the mountain. Specifically, the rear transport direction was about 223°, the middle transport direction was about 177°, and the front transport direction was about 104°. During the whole movement process, the landslide overlay body showed the characteristic of flow-like sliding. Eventually, its accumulation pattern shows an irregular shape, which is consistent with the accumulation pattern of the No.4 landslide overlay body (Figures 9D1, 9D2).
Comparing the numerical simulation results under different working conditions, it can be found that the presence of fluid under rainfall conditions promotes the movement of the solid, the solid presents multi-physical state changes during the landslide movement, and the interphase effect of fluid on the solid makes the landslide form a long-distance movement, and the obtained computational results are close to the actual ones.
4.3.2 Analysis of the simulation results of the motion velocity of the landslide overlay body
The results of the velocity simulation of the No.1∼No.4 landslide overlay body are shown in Table 2, and the sliding process of No.4 landslide overlay body is the longest, lasting 70 s and reaching a peak velocity of 32.5 m/s (Figure 10), while the sliding process of No.3 landslide overlay body is the shortest, lasting only 30 s, with a peak velocity of 18.5 m/s (Figure 11). By analysing the key time points of the simulation process, it can be learnt that the solid particles of each landslide mixed with fluids and accelerated rapidly after initiation, and reached the peak velocity, and then decelerated gradually due to the limitation of geomorphological conditions until finally coming to a standstill.
TABLE 2 | Simulation results of landslide overlay body motion velocity.
[image: Table 2][image: Figure 10]FIGURE 10 | Velocity distribution of the motion of No. 4 landslide overlay body.
[image: Figure 11]FIGURE 11 | Velocity distribution of the motion of No. 3 landslide overlay body.
4.3.3 Analyses of simulation results on the accumulation of landslide overlay body
The simulation results of the accumulation thickness of the No.1∼No.4 landslide overlay bodies are shown in Table 3, which are basically consistent with the results of the field investigation and have a high degree of agreement. Taking the simulation results of No.1 landslide overlay body as an example (Figure 12), the red dotted line marks the real landslide extent, while the changes of red, yellow and blue colours reflect the different dynamic changes of the accumulation thickness of solid particles. During the whole process of landslide movement, the rock and soil bodies mixed with mud flowed along the slope surface, and after energy dissipation, they eventually accumulated gradually at the foot of the slope, and the accumulation results were consistent with the actual landslide accumulation.
TABLE 3 | Simulation results of the accumulation of the landslide overlay body.
[image: Table 3][image: Figure 12]FIGURE 12 | Thickness distribution of accumulation of landslide overlay body No. 1.
4.3.4 Analysis of simulation results of volume fraction distribution of landslide overlay body
In order to distinguish the volume fraction of solid particles from the value of fluid volume fraction at each sliding stage, the volume fraction of solid particles is represented by a gradient colour from red to yellow, while the fluid volume fraction is shown by a gradient colour from dark blue to light blue, and the sum of the two at each stage is 100%. As an example, the simulation results of landslide overlay body No. 1 (Figure 13) show that most of the solid particles are in a dense state with volume fractions between 60% and 80% due to the movement of the main body of landslide overlay body No. 1 along the slope. When at the outer edge of the landslide, no solid particles exist and only fluid is present, the fluid volume fraction reaches 100%.
[image: Figure 13]FIGURE 13 | Volume fraction distribution of solid-liquid two-phase of landslide overlay body No. 1. (a) Solid volume fraction distribution (b) Fluid volume fraction distribution.
4.3.5 Analyses of simulation results of fluid drag force on the landslide overlay body
The simulation results of the fluid drag force of landslide overlay bodies No. 1∼4 are shown in Figures 15–18, which demonstrate the distribution of the drag force per unit mass of fluid on solid particles of these four landslides at different time points, respectively. Since the initiation of the landslide motion, the solid particles are all under the action of the fluid with larger flow velocity and show the fluidised motion characteristics along the gullies. During the motion of the four landslides, most of the solid particles were subjected to relatively small drag forces per unit mass, which are marked by the red areas, and their values were generally lower than 0.1 N/kg. However, the slides exhibited different characteristics in terms of drag force variations. For landslide overlay body No. 1 (Figure 14), the drag force per unit mass exerted on some solid particles exceeded 0.2 N/kg from 5 s. By 30 s, the drag force on some particles on the surface of the slip body dropped to 0 N/kg, indicating that the particles started to stop moving, and the movement stopped completely by 40 s. For landslide overlay body No. 2 (Figure 15), the drag force on some of the solid particles started to exceed 0.2 N/kg at about 8 s, and the drag force on a very few particles in the middle of the slide body reached 0.6 N/kg at about 10 s and 20 s, showing a trend of gradual increase in the difference between the flow and solid velocities, and the motion ceased after 60 s. The drag force of some particles in No.3 landslide overlay body (Figure 16) exceeded 0.2 N/kg from 10 s, and the drag force of some particles at the edge of the landslide overlay body was reduced to 0 N/kg after 15 s, and the motion was completely stopped at 30 s. The drag force of some particles in No.4 landslide overlay body (Figure 17) started to exceed 0.2 N/kg from 5 s, and the drag force of a few particles in the middle of the slide even reached more than 0.6 N/kg from 10 s to 30s, which indicated that the velocity difference between fluids and solids increased significantly, and the movement eventually stopped completely after 70 s.
[image: Figure 14]FIGURE 14 | Drag force distribution of landslide overlay body No. 1.
[image: Figure 15]FIGURE 15 | Drag force distribution of landslide overlay body No. 2.
[image: Figure 16]FIGURE 16 | Drag force distribution of landslide overlay body No. 3.
[image: Figure 17]FIGURE 17 | Drag force distribution of landslide overlay body No. 4.
In summary, all four landslides showed fluidised motion characteristics under the action of fluid drag force, but there were differences in the change characteristics of drag force and motion cessation time, and these results provide an important basis for further revealing the mechanism of landslide motion and predicting landslide disasters.
After summarising and analysing the simulation results of the four landslide overlay bodies in the Hongyacun landslide cluster, the final simulation stacking results can be derived as shown in Figure 18. According to the simulation data, the rock and soil body materials in the Hongyacun landslide cluster show a dense state in most areas. The maximum velocity of landslide overlay body No.1 in the simulation reaches 22.4 m/s, the maximum thickness of the accumulation is 14 m, and the farthest distance of the slide reaches 300 m. Landslide overlay body No.2, the maximum velocity of the whole process reaches 21.8 m/s, the maximum thickness of the accumulation is 18.6 m, and the farthest distance of the slide reaches 480 m. Landslide overlay body No. 3 has a maximum velocity of 18.5 m/s, a maximum stacking thickness of 12 m, and a maximum distance of 200 m. Finally, landslide overlay body No. 4 has a maximum velocity of 32.5 m/s, a maximum stacking thickness of 10 m, and a maximum distance of 700 m.
[image: Figure 18]FIGURE 18 | Numerical simulation of landslide accumulation results in Hongyacun Landslide.
In the simulation calculation process, the property parameters of the landslide materials are largely consistent with the actual situation, thereby ensuring the accuracy of the simulation results. Through comparative analysis, it is found that the simulation results are basically consistent with the actual accumulation of Hongyacun landslide cluster, which fully proves that the adopted simulation calculation method can effectively reflect the key role of rainfall conditions on the destabilisation of landslide clusters and their remote movement into disaster. This conclusion is of great significance for further understanding of the motion law governing the Hongyacun landslide cluster and its catastrophic mechanism.
5 DISCUSSION
In this study, the basic characteristics of the landslide cluster in Hongya Village, Qinghai were revealed in detail through field investigations. The investigation results show that the landslide cluster in Hongya Village mainly consists of two main landslides (H1 and H2), of which landslide H1 contains two sub-landslides (H1-1 and H1-2), and landslide H2 likewise contains two sub-landslides (H2-1 and H2-2). Each of these sub-landslides is characterised in terms of volume, distance travelled and deformation characteristics. For example, sub-slide H1-1 has a smaller volume and shorter travelling distance, whereas sub-slide H1-2 has experienced high-speed long-distance sliding due to the large height difference between the front and back of the body and the high shear exit position. the back edge of landslide H2 has significant rock disintegration avalanches and slides, while the deformation volume of the middle and the front edges is small, and the developmental pattern and the number of the sub-slides are similar to that of the H1 landslide. These features not only provide us with the specific parameters of the landslides, but also demonstrate the different response modes of the landslides in the complex geological environment.
In terms of triggering mechanisms, the study analysed the influence of two major factors, geo-environmental and rainfall, on landslides. Geo-environmental factors include steep topography, weak interbedded layers, softening effect of groundwater on rock and soil, and anthropogenic slope-cutting activities, etc., which work together to cause landslide events. Rainfall is another key factor. Continuous heavy rainfall not only increases the self-weight of the soil, but also raises the water table, leading to a reduction in the shear strength of the slip surface, thus inducing landslides. In addition, water leakage from landscaping and irrigation works on the surface of the landslide area exacerbates the risk of landslides.
Multiphase multimedium numerical simulations using LPF3D software further revealed the dynamic behaviour of the landslides. The simulation results demonstrate the velocity of motion, volume fraction, stacking thickness, and drag force distribution during sliding for the four sub-slides under natural and rainfall conditions. The rainfall has a significant effect on the stability of the landslides, which leads to unstable sliding and exhibits fluidisation characteristics. The volume fraction of solid phase during movement of all sub-slides ranged from 60% to 80% and showed dense state characteristics. The fluid drag force of all the sub-slides gradually increased with the advancement of the slide motion, which indicated that the dynamic characteristics during the slide motion were complex and variable.
Under prolonged rainfall conditions, the continued infiltration of rainwater can have a significant impact on the stability of the loess layer, which in turn may induce landslide events and pose a serious safety threat to the neighbouring residential areas. In view of this, it is necessary to take a series of targeted measures during the rainy season in order to effectively mitigate the potential impacts of landslides on the lives and property safety of residents. Specifically, monitoring and early warning of extreme rainfall conditions should be strengthened in Hongya Village to ensure that potential rainfall risks can be detected and responded to in a timely manner. At the same time, drainage facilities should be constructed and improved, with the aim of effectively directing the discharge of rainwater and preventing it from penetrating deep into the soil, thus avoiding the recurrence of landslides. Through the implementation of these comprehensive measures, the effectiveness of disaster prevention and mitigation can be significantly improved to ensure the safety of residents.
Although this study used LPF3D software to carry out an in-depth dynamic simulation and analysis of the landslide complex in Hongyacun, its limitations still need to be pointed out: although a multiphase multi-media simplification method was adopted during the model construction process, this simplification may fail to comprehensively reflect the real physical characteristics of the landslides, in particular the inhomogeneity of the landslide constituents and the complex rheological properties. Therefore, future research will be devoted to optimising the model parameters and improving the accuracy and applicability of the model in order to simulate the landslide motion process more accurately.
6 CONCLUSION
The Hongyacun landslide complex consists of two major landslides (H1 and H2), each of which contains two sub-landslides, each of which exhibits different characteristics in terms of volume, distance travelled and deformation characteristics.
The triggering mechanism of landslide clusters mainly involves two major factors, namely the geological environment and rainfall. Geo-environmental factors include steep topography, weak interbedded layers, softening effect of groundwater on rock and soil, and anthropogenic slope-cutting activities, while rainfall induces landslides by increasing the self-weight of the soil and raising the water table, which reduces the shear strength of the slip surface. In addition, water leakage from landscaping and irrigation works on the surface of landslide areas exacerbates the risk of landslides.
The multiphase multimedium numerical simulation using LPF3D software successfully reproduces the dynamic behaviour of the Hongyacun landslide cluster in the natural state and under the influence of rainfall. The simulation results reveal the influence of rainfall on the stability of the landslide, and indicate that rainfall can lead to the unstable sliding of the landslide, and the unstable soil body exhibits significant fluidisation characteristics. Among the four sub-landslides, landslide H2-2 has the longest duration of movement, the highest velocity, and the farthest distance of movement, which is about 700 m. These conclusions provide an important scientific basis for early warning and prevention of landslide disasters.
The continuous infiltration of rainwater caused by prolonged rainfall significantly affects the stability of the loess layer, inducing landslide events and posing a serious safety threat to the neighbouring residential areas of Hongya Village. Therefore, strengthening the monitoring and early warning of extreme rainfall during the rainy season and constructing and improving drainage facilities to prevent rainwater from penetrating deeper into the soil are effective measures to mitigate landslide disasters and ensure the safety of residents.
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