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Abstract

:

The Baihetan Hydropower Station reservoir area began impoundment in 2021, triggering the reactivation of ancient landslides and the formation of new ones. This not only caused direct landslide disasters but also significantly increased the likelihood of secondary surge wave disasters. This study takes the Wangjiashan (WJS) landslide in the Baihetan reservoir area as an example and conducts large-scale three-dimensional physical model experiments. Based on the results of the physical model experiments, numerical simulation is used as a comparative verification tool. The results show that the numerical simulation method effectively reproduces the formation and propagation process of the WJS landslide-induced surge waves observed in the physical experiments. At the impoundment water level of 825 m, the surge waves generated by the WJS landslide pose potential threats to the Xiangbiling (XBL) residential area. In this study, the numerical simulation based on computational fluid dynamics confirmed the actual propagation forms of the surge waves, aligning well with the results of the physical experiments at a microscopic scale. However, at a macroscopic scale, there is some discrepancy between the numerical simulation results and the physical experiment outcomes, with a maximum error of 25%, primarily stemming from the three-dimensional numerical source model. This study emphasizes the critical role of physical model experiments in understanding and mitigating surge wave disasters in China. Furthermore, physical experiments remain crucial for accurate disaster prediction and mitigation strategies. The theories and methods used in this study will provide important references for future research related to landslide disasters in reservoir areas.
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1. Introduction


The reservoir-induced landslide surge waves disaster is a secondary hazard triggered by the unstable sliding of landslides into reservoir channels [1]. The sliding landslide mass releases tremendous energy upon entering the reservoir, generating surge waves that propagate towards the opposite bank of the river channel as well as upstream and downstream. As a secondary hazard of landslides, landslide-induced surge waves may pose a far more severe threat than the landslides themselves, usually when reservoir water levels change, rainfalls, or earthquakes [2,3,4,5], often resulting in casualties and property damage, even leading to catastrophic consequences such as floods and dam breaches [6,7,8].



Since the mid-20th century, the hazards caused by landslide-induced surge waves have become widespread in reservoir areas. After the landslide, rapid impact on water bodies can trigger severe secondary hazards, particularly affecting residential areas near reservoirs, rivers, and coastlines [9,10,11]. On 9 October 1963, in the northern region of Italy, the left bank valley area of the Vajont Dam experienced instability, resulting in the sudden movement of nearly 2.7 million cubic meters of rock and debris into the Vajont Reservoir. This event generated massive waves that engulfed five surrounding towns, leading to approximately 2000 deaths [12,13,14]. On 12 June 1985, in the northern bank area of Xintan Ancient Town, located in the Xiling Gorge section of the Yangtze River in Hubei Province, China, a mountain slope suddenly became unstable, causing around 300,000 cubic meters of soil and rock to slide into the Yangtze River. The resulting landslide generated waves that exceeded 54 m in height, resulting in 12 fatalities [15]. On 20 July 2009, the Huangtian landslide triggered by rainfall at the Xiaowan Reservoir in Southwest China caused the deaths of approximately 14 people [16,17]. On 24 June 2015, the Hongyanzi landslide in the Three Gorges Reservoir area generated a landslide-induced surge wave over 5 m high, resulting in the deaths of two people [18]. Moreover, on the evening of 22 December 2018, a lateral collapse occurred on the southwestern side of the Anak Krakatau volcano (AK) in Indonesia, triggering a tsunami along the nearby coastline. This event resulted in at least 437 deaths [19].



Research on landslide-induced surge waves has long been an important and significant topic [20,21,22]. Currently, the primary methods employed for investigating landslide waves both domestically and internationally include field surveys, theoretical calculations, physical model experiments, and numerical analysis [23]. Some research utilized theoretical calculations to derive empirical relationships from experimental or field data, thereby generating semi-empirical landslide wave prediction equations [24,25,26,27]. However, due to various assumptions and simplifications, the current methods often have limitations, leading to the generally low predictive accuracy of empirical formulas. As stated by Sabeti and Heidarzadeh [27] and V. Heller and Ruffini [11], wave parameters predicted by empirical equations can vary by a few orders of magnitudes even when derived under similar conditions. Table 1 summarizes the advantages and limitations of typical research methods for landslide-induced surge waves.



The physical model experiment method involves scaling actual engineering dimensions using a certain ratio to achieve geometric similarity, flow motion similarity, and dynamic similarity, adhering to the principles of Froude similarity and gravity similarity. Through corresponding model experiments, necessary research data are obtained to analyze and evaluate actual engineering situations. This method represents the most direct and effective approach for studying landslide waves, facilitating the determination of their mechanisms and influencing factors, as well as the establishment of empirical equations. Physical model experiments have significant advantages in the study of landslide-induced surge waves, enabling high-precision reproduction of actual phenomena, validation of numerical models, revelation of complex mechanisms, and economical and efficient research under safe and controllable conditions. These advantages make them an important tool for understanding and preventing secondary disasters caused by landslide-induced surge waves [28,29,30,31]. Bolin Huang et al. [15] conducted 25 sets of orthogonal experiments on landslide waves in shallow water with Froude numbers ranging from 0.6 to 2.0. By employing the Boussinesq model, they analyzed the longitudinal propagation and the cross-slope climbing characteristics of the waves. Utilizing dimensionless analysis methods, functional relationships were derived between parameters such as the initial wave amplitude and wavelength in shallow water landslide wave models. Han et al. [32] conducted physical modeling using rigid blocks in a three-dimensional water tank, revealing that the types of waves depend primarily on the relative sliding thickness and Froude number at the time of impact. Physical model experiments play an important role in project design. However, due to the significant time and cost required, such experiments are only used for major engineering projects. Table 2 shows the prototype-specific physical model tests of landslide-induced impulse waves conducted for specific engineering or research applications. Zhang et al. [33] proposed a large-scale three-dimensional physical modeling experiment based on the prototype of high-level landslide engineering near dams. The study investigated the relationships between river channel characteristics, landslide volume, landslide surge front velocity, surge waveform, and the peak surge along the river channel. Di Risio et al. [34], through large-scale physical model experiments, analyzed the rise velocity along the coastline in detail, with a particular focus on the impact of each wave within the tsunami package and the evolution of the first set of tsunami envelopes. Based on the Gongjiafang landslide induced by the impoundment of the Three Gorges Reservoir in China, Bolin Huang et al. [35] constructed a large-scale physical model with a scale of 1:200 to reproduce the specific data of collisions and superpositions during the propagation of landslide-induced surge waves, as well as the energy changes between the landslide-induced surge waves and the reflected waves. Yang Wang et al. [36] used the Baishui River landslide as the research subject; a large three-dimensional physical model with a scale of 1:200 was constructed, covering the range from 0.5 km upstream to 3.5 km downstream of the Yangtze River. The study systematically investigated the effects of the dimensionless front area, dimensionless top area, dimensionless two-dimensional volume, and dimensionless three-dimensional volume on wave crest amplitude and wave amplitude ratio.



Numerical simulation involves simulating and analyzing landslide wave problems using numerical models, offering advantages such as efficiency, low cost, and strong repeatability. The advancement of numerical methods has provided an important approach for simulating landslide waves. Yeylaghi et al. [41] utilized the incompressible Smoothed Particle Hydrodynamics (ISPH) method to simulate the waves generated by granular landslides. The motion of sliding masses was modeled as a non-Newtonian flow. Hu et al. [42] successfully simulated the evolution process of landslide waves using the viscoelastic-plastic model and RNG turbulence model in the FLOW3D V11.2. Parameters such as landslide displacement, maximum landslide velocity, maximum wave height on the opposite bank, and maximum wave height generated by landslide sliding were measured. On the other hand, Mao et al. [43] proposed a novel Computational Fluid Dynamics-Discrete Element Method (CFD-DEM) approach, which accurately captures the motion interface between fluid and landslide. Ma et al. [44] introduced a hybrid model combining Smoothed Particle Hydrodynamics (SPHs) and Shallow Water Equations (SWEs) to simulate the waves generated by landslides into valley reservoirs. They validated the proposed model using the Dayantang landslide case study. In addition, Ma et al. [45] first implemented DEM-SPH coupling to study landslide-generated waves within the PFC3D framework. By comparing and analyzing the results with published physical model experiments, the accuracy of this method was evaluated. It can be seen that in recent years, numerical simulation has made great progress in the study of the propagation of landslide surge, but due to the complexity of determining the boundary conditions and calculating the initial conditions of the landslide surge in the reservoir area, the study of the landslide surge in the reservoir area using the numerical simulation method is mainly confined to a simple qualitative evaluation at present. Shizhuang Chen et al. [46] replicated the actual impulse wave disaster near the dam area of the Lianghekou Reservoir by coupling the elasto-viscoplastic model and the RNG turbulence model in FLOW-3D, verifying the reliability of the numerical method. On this basis, a three-dimensional model was established to calculate the potential impulse waves generated by the Mogu Rock landslide and to assess the risk to the dam.



This study focuses on the WJS landslide in the Baihetan Hydropower Station reservoir area of the Jinsha River. Based on the engineering geological data of the WJS landslide and its upstream and downstream river channels, a large-scale three-dimensional physical model was established to assess the potential threat to the XBL residential area using this physical model. Additionally, a three-dimensional numerical model of landslide-induced surge waves was developed, and computational fluid dynamics methods were employed to compare the numerical simulation results with the physical model experiment results. By combining the results of physical model experiments and numerical calculations, this study deepened the understanding of the dynamic mechanisms of the WJS landslide and the generation and propagation patterns of landslide-induced surge waves. The research provides innovative insights into the prevention and control of secondary disasters induced by landslides.




2. Overview of the WJS Landslide


The WJS landslide is located at the confluence of the Jinsha River and Xiaojing River upstream of the Baihetan Reservoir area [47,48], 92.4 km away from the dam site. It is situated diagonally opposite the residential area of XBL on the left bank of the Xiaojing River, with a straight-line distance of 1.3 km (Figure 1). The elevation difference between the front and rear edges of the landslide is approximately 450 m. The landslide has a length along the slope of 800 m and a width ranging from 90 to 500 m, with an area of approximately 23.5 ×     10  4       m 2   . The thickness of the landslide deposit ranges from 14.0 to 87.6 m. The landslide body exhibits smaller thicknesses at the front and rear edges and greater thickness in the middle portion, with an average thickness of about 26 m. The composition mainly consists of debris-mixed soil, silt, gravel, and gravel-contained clay. The underlying bedrock includes Ordovician, Devonian, and Carboniferous limestones, dolomites, quartz sandstones interbedded with sandstones and mudstones, and shales. The strike of the rock layers is N5–10°W, dipping northeastward at an angle of 40–46°, with an inward reverse slope. The rock mass is influenced by structural factors, exhibiting developed joints. The rock mass is moderately to highly fractured, predominantly showing strong weathering. The overall volume is approximately 611 ×     10  4       m   3   , indicating a large-scale soil landslide (Figure 2).




3. Physical Model Experiment of WJS Landslide-Induced Surge Waves


3.1. Establishment of the Physical Model


A large-scale physical model of the WJS landslide was constructed according to the Froude similarity criterion (Figure 3). The model strictly adhered to the conditions of geometric similarity, flow motion similarity, and dynamic similarity, with a geometric scale ratio of 1:150. Based on this similarity criterion, the density similarity ratio and gravity acceleration similarity ratio between the prototype and the model are both 1, while the time similarity ratio and velocity similarity ratio are both     150    . The model is 62 m long and simulates a range from approximately 2 km upstream to 5 km downstream of the WJS landslide, corresponding to a total length of approximately 9 km in reality. It has a width of 38 m, corresponding to an actual river channel width of 5.7 km, and a height of 3 m, simulating terrain elevations ranging from 650 m to 1150 m.



The three-dimensional physical model of WJS was established strictly according to the actual terrain of the engineering area, using materials such as cement, yellow sand, red bricks, and steel bars. The sectional panel method was used to control the shape of the model, with key areas assisted by contour lines. The sectional spacing was set to approximately 60 cm, and the complex terrain areas were densely processed with sectional panels, which were plastered with cement mortar. The sliding bed model was three-dimensionally constructed based on the cross-sectional profile of the landslide. It forms a shallow concave sliding groove. The terrain within the sliding bed alternates between steep and gentle slopes: the upper and lower elevation positions have steeper slopes, while the slope of middle elevation terrain is more gradual. The inclination angles of the landslide sliding surface are consistent with the actual landslide surface. Control devices for the landslide gates were installed at the landslide shear outlet, middle elevation, and upper elevation positions. Positioned at the front end of the landslide, the landslide gates serve to block the movement of the landslide. Once the gates are rapidly raised, the landslide begins sliding downwards toward the water.



In physical experiments of landslide-induced surge waves, landslide materials are generally simplified into three states: rigid body, granular body, and deformable body [49]. Based on the research by Valentin Heller and Hager [30] and the requirements of practical engineering, similar to common landslide-induced surge wave model experiments, this study adopted model similarity in landslide velocity rather than in landslide rheology. After the WJS landslide failure, the deformation movement was mainly of gravel-mixed soil, with a low likelihood of the slide mass completely disintegrating into debris [37,39,50]. Therefore, this experiment used granular materials to simulate the landslide mass, with similar granular materials being black pebbles. Four particle size ranges of block stones, ranging from 0 to 0.5 cm, 0.5 to 2 cm, 2 to 6 cm, and 6 to 20 cm, were mixed in proportions of 1:1.5:1.25:1, resulting in an average particle size of approximately 0.05 m and a density of approximately 2260 kg/   m 3    for the landslide material. According to the model scale, the volume of landslide accumulation in the physical model experiment was 1.81    m 3   , corresponding to an actual volume of 611 ×     10   4      m 3   .




3.2. Experimental Monitoring System and Equipment


Experimental measurement instruments include a high-definition camera, wave height gauge, and run-up meter. High-definition cameras with 400 MP resolution were employed to record the entire process from the initiation of the landslide entering and wave generation. Ten high-definition cameras provided a comprehensive coverage of the entire flow field area. To study the generation and propagation characteristics of landslide waves, a series of wave gauges and climbing gauges (numbered    1 #  –   17  #   ) were deployed in the reservoir channel. In the area where the waves were generated, wave gauges numbered    1 #    and    2 #    and climbing gauge 3# were positioned to monitor the characteristics of the wave generation as soon as the landslide material touched the water surface. Wave gauges numbered    4 #  –   11  #    were placed in the propagation area of the waves to monitor the wave characteristics as they propagated upstream and downstream along the river channel. Climbing gauges numbered     12  #  –   17  #    were installed in the XBL residential area to monitor the characteristics of water flow ascent in XBL. The experiment utilized wave gauges equipped with SAD2000 sensors to collect data at a frequency of 50 Hz with an accuracy of 0.1 mm.




3.3. Analysis of Experimental Scale Effects


The present experiment neglects both the scale effects caused by surface tension in the impact area of the slider and the fluid viscosity on the experimental results. Valentin Heller and Hager [30] conducted a detailed study on the scale effects of waves generated by underwater landslides, suggesting that Reynolds number (  R =  g  1 / 2    h  3 / 2   /  v w   ) and Weber number (  w =  ρ w  g  h 2  /  σ w   ) can be used to separately assess the effects of fluid viscosity and liquid surface tension on wave motion. Here,    v w    and    σ w    represent the kinematic viscosity and surface tension coefficients of the fluid, respectively. The experimental environment remained at room temperature (25 °C) and under standard atmospheric pressure, with the kinematic viscosity and surface tension of water making up   8.937 ×   10   − 7      m 2  / s   and   7.28 ×   10   − 2      N  / m  , respectively. The average still water depth during the experiment was 0.66 m. Based on the defined criteria of Reynolds number (  R ≥ 3 ×   10  5   ) and Weber number (  W ≥ 5000  ), the scale effects induced by surface tension and fluid viscosity can be neglected for the region of sliding impact on the water body.




3.4. Experimental Analysis


In order to investigate the potential threat of the WJS landslide to the XBL residential area, physical model experiments of landslide waves were conducted under the following conditions: prototype’s water level was maintained at 825 m; in addition, the accumulation volume of a landslide was set at 1.81    m 3  .  



By extracting video footage from a high-speed camera, foundational data were provided for the analysis of the movement characteristics of granular landslide-induced surge waves, and the entire experimental process was analyzed. As shown in Figure 4, the landslide took 60 s from the initial slide to fully entering the water. In the 0–12 s (Figure 4a,b) after the front end of the slide mass lost the constraint of the landslide gate device, the landslide began to impact the water body and generate surge waves, accompanied by a large number of bubbles and splashes. In the 12–24 s period (Figure 4c), under the action of its own weight, the slide mass accelerated downhill, displacing a large volume of water ahead. The water curled up under the influence of the slide mass, forming a concave cavity and generating semi-circular arc-shaped surge waves. In the 24–36 s period (Figure 4d), the slide mass collided with the bottom, slowly accumulating due to friction. The semi-circular arc-shaped surge waves continued to propagate forward, forming the first wave. In the 36–48 s period, as the accumulated volume at the bottom of the slide mass gradually increased, the motion of the slide mass became relatively stable. Due to the obstruction of the accumulated slide mass at the front and the resistance of the water body, the upper part of the slide mass accumulated near the rear edge, with the accumulation shape being thick in the middle and thin on both sides. In the 48–60 s period (Figure 4e,f), the mechanical energy of the slide mass was almost completely converted into wave energy, with only a few granular particles at the edges of the slide mass remaining unstable. The generated waves propagated around the reservoir channel, with propagation characteristics similar to three-dimensional unrestricted propagation.



Observing the surge wave climb in the XBL residential area through the physical model experiment, it was found that the XBL residential area was partially submerged under the impact of the surge waves. The XBL residential area is surrounded by water on three sides, and the surge waves propagate from the tip of XBL, the left bank of the Jinsha River, and the junction of XBL and the narrow bank slope of the reservoir channel. The surge waves generated by the WJS landslide reached a maximum height of 3.74 m in the XBL residential area, posing a serious threat to the lives and property of the residents of XBL.





4. Numerical Simulation of Landslide-Induced Surge Waves Based on Fluid Dynamics


This study employs a three-dimensional numerical simulation method based on fluid dynamics to investigate the landslide-induced surge waves of WJS. The calculations utilize the FLOW-3D software, coupling the granular flow model and the RNG turbulence model [51] in FLOW-3D. The landslide mass is modeled as a granular flow, while the motion of the water is described using the RNG turbulence model. The primary method used for tracking free surfaces is the Volume of Fluid (VOF) method. The waves generated by the impact of the landslide mass on the water are simulated within the framework of incompressible viscous fluid flow. The governing equations for fluid motion in the FLOW-3D software primarily consist of two equations: the Navier–Stokes equations for incompressible viscous fluid motion and the continuity equation.



To ensure the reliability of the computational results, the model parameters were strictly consistent with relevant geological reports. Under conditions of 20 °C, the density of water was set at 998.2 kg/   m 3    and the dynamic viscosity was set at 0.001 kg/m/s. According to relevant engineering reports, the particle diameter of the landslide material was specified as d = 0.05 m, with an average internal friction angle of Φ = 36°. Based on engineering reality, the density of the granular material was set at 2260 kg/   m 2   , the global ventilation coefficient was set at 0.02, the coefficient of restitution for particle collisions was set at 0.7, the Poisson’s ratio was 0.36, the friction coefficient of the channel bank slope was 0.60, and the roughness coefficient of the river channel was set to the roughness value of mountainous rivers, which is 0.04 [52]. Assuming a water level of 825 m, numerical simulation calculations were conducted, with the positions of wave height and elevation monitoring points in the numerical model corresponding to those in the physical model experiment.



Numerical Simulation Elucidates the Formation and Propagation of Landslide-Induced Surge Waves


The entire process starts from the generation of waves until the river surface returns to calm. To analyze such a process, the simulation model’s calculation time is set to 500 s. Throughout the development and propagation of the waves, crest and trough formations are observed. To facilitate the observation of wave crests, the minimum value of the contour is set to the experimental water level (825 m). During the rendering of the results, the color of the free surface is adjusted to change with the variation in the liquid surface height. After rendering, an animation depicting the complete process of the landslide-induced surge waves is obtained, and specific moments of the wave are selected for illustration, as shown in Figure 5.



According to the process of the propagation of the waves, at t = 0 s, the landslide has not yet started moving, and the free surface height of the river is 825 m, with the water surface in a calm state (Figure 5a). At t = 15 s, the height of the generated waves has already exceeded 5 m (Figure 5b). At t = 25 s, after the landslide enters the water, a large amount of water is displaced, forming a downward concave cavity at the point where the landslide enters the water (Figure 5c). Under the pressure of the surrounding water, there is a tendency for water to flow into the cavity from all sides. As the landslide slides downwards, there is also a tendency to push the water forward, forming a large semicircular wave in front of the landslide’s entry point. Such a wave has the maximum wave height at the center and smaller wave heights at the edges. After developing through the generation zone, the wave climbs towards the opposite bank. At t = 45 s, the landslide has completely entered the river channel, and the first wave begins to impact the opposite bank and the XBL (Figure 5d). At t = 60 s, the first wave begins to impact the XBL (Figure 5e), followed by the second and third waves (Figure 5f). After t = 140 s, the waves continue to propagate along the upstream and downstream channels and flow into the valleys (Figure 5g,h). After t = 500 s, the river surface gradually returns to a calm state (Figure 5i).





5. Benchmarking Physical Model Experiments Using Numerical Simulations


The process of landslide-induced surge waves can be divided into five stages: landslide motion stage, interaction with water and air stage, wave generation stage, wave propagation stage, and the stage of wave impact on nearby buildings and the environment [53]. Focusing on the three typical stages of landslide wave generation, propagation, and wave run-up under the condition of a reservoir water level of 825 m, a comparative study between physical experiments and numerical simulation results was conducted from macroscopic and microscopic perspectives to validate the numerical simulation method. The surge wave characteristic results from the physical model experiment and the numerical simulation at 17 measurement points are shown in Table 3.



5.1. Comparison and Analysis of Wave Generation Zones


The surge wave generation area refers to the region near the source of the surge waves. In this area, wave characteristics are significant and energy is concentrated, greatly impacting the surrounding environment. As the landslide body begins to slide, it displaces a large volume of water ahead of it. The water curls under the influence of the sliding body, forming a cavity and generating a semicircular surge wave that propagates forward. The wave height is highest in the middle and lower at the edges. After developing in the generation area, the waves climb up the opposite shore. The WJS landslide is a submerged slope with a lower impact speed, characterized by a low Froude number (Fr). It is less likely to form solitary waves and tidal bore types of surge waves. The main observed forms of landslide-induced surge waves in the generation area were nonlinear oscillation waves.



The wave generation zone was compared and analyzed by recording the water level fluctuations at measurement points    1 #   ,    2 #    wave gauges, and    3 #    tide gauge during both physical experiments and numerical simulations of landslide-generated waves. From the water level fluctuations at individual measurement points that are shown in Figure 6, one can see that both the physical experiments and numerical simulations exhibit a prominent initial wave. As the first wave propagates along the reservoir channel, the wave surface appears to be smooth, with the wave peaks wider and higher than the troughs. Visually, the waves exhibit a tendency of rearward propagation. With the increase in propagation distance, wave amplitude decreases while the overall wave morphology remains largely unchanged. Following the first wave, wave superposition becomes evident. The waves after    1 #  –  3 #    exhibit a wave packet structure, characterized by alternating large and small amplitude waves. The wavelength and amplitude of the second wave are noticeably smaller than those of the first wave. Compared to measurement points    1 #    and    2 #   , the wave attenuation rate at    3 #    is higher, attributed to the reflection of waves generated by the impact at    3 #    on the opposite bank, resulting in energy dissipation through wave superposition and collision.



By comparing the wave height fluctuation curves from measurement points    1 #  –  3 #    between physical experiments and numerical simulations in the wave generation zone, it can be observed that the waveforms are generally similar. Particularly, there is a high degree of agreement in the peak wave height, with errors less than ±10%. As the distance from the disturbance point increases, the arrival time of the initial wave is also correspondingly delayed. This indicates a temporal and spatial consistency of wave motion. However, for measurement point    3 #   , there is some discrepancy after time node t = 80 s, which may be attributed to size effects. Although the similarity in waveforms persists, the degree of agreement in wave height between numerical and physical simulations decreases.




5.2. Comparison and Analysis of Wave Propagation Areas


The    4 #    and    5 #    wave height measurement points are distributed along the valley, while the    6 #    and    7 #    wave height measurement points are distributed along the Xiaojiang River. The    8 #    and    9 #    wave height measurement points are distributed along the upstream of the Jinsha River, and the     10  #    and     11  #    wave height measurement points are distributed along the downstream of the Jinsha River. The    4 #  –   11  #    measurement points can essentially represent the entire process of wave action in the reservoir channel. From the individual wave height fluctuation curves in Figure 7, it can be observed that there is a high degree of agreement between the wave height fluctuation curves of the physical experiment and numerical simulation, except for the    9 #    and     10  #    measurement points, for which the first wave heights at each measurement point are generally consistent. The first wave height measured in the physical experiment at the     10  #    measurement point is relatively higher, attributed to potential terrain discrepancies at the confluence downstream of the Jinsha River and the Xiaojiang River in the physical experiment model of the reservoir channel. The waveform curve correlation between the physical model experiment at measuring point    9 #    and the numerical simulation decreased. The complex terrain in the experimental environment may affect waveform propagation, whereas the numerical simulation simplified the terrain, assuming ideal water flow conditions, leading to inconsistent results. Additionally, the reflection and absorption characteristics of the grid boundaries in the numerical simulation can also affect the waveform propagation results.



Through the comparison of wave height fluctuation curves between the physical experiment and the numerical simulation at the    4 #  –   11  #    measurement points, it can be observed that the wave propagation pattern in the propagation area is similar to that in the generation area. Over time, waves overlap and collide with each other, transforming from simple waveforms to wave groups, and eventually becoming irregular waveforms with high frequency and low amplitude. The surge wave forms in the propagation area are nonlinear oscillation waves and nonlinear transition waves. Due to dispersion effects, the dispersed leading waves can enhance the subsequent trailing waves in a short period. Even after traveling a considerable distance, the surge wave height can still maintain a certain propagation level. With increasing distance from the disturbance point, the arrival time of the first wave is delayed correspondingly. Furthermore, wave amplitude decreases, reflecting the consistency of wave spatiotemporal movement. By comparing the    4 #    and    5 #    measurement points, the    6 #    and    7 #    measurement points, the    8 #    and    9 #    measurement points, and the     10  #    and     11  #    measurement points, it is evident that the waveform of the next measurement point generally follows the waveform characteristics of the previous measurement point, indicating the continuity of spatial wave movement.




5.3. Comparison and Analysis of Wave Run-Up in the Residential Area


The wave run-up in the residential area was analyzed through a comparison of physical experiments and numerical simulations. Monitoring points     12  #  –   17  #    were strategically placed around the periphery of the XBL residential area. Points     12  #  –   17  #    were positioned at the tip of XBL, directly opposite to the WJS landslide, while points     15  #    and     16  #    were situated on the wings of XBL. Point     17  #    was located at the narrow slope intersection between XBL and the reservoir’s river channel. These monitoring points comprehensively covered all potential hazardous locations where waves could impact the XBL residential area. The water level fluctuations recorded at these points captured the entire process of wave impact from the landslide in both physical experiments and numerical simulations.



Analysis of water level fluctuations at individual monitoring points depicted a close correlation between the physical experiments and the numerical simulations, except for point     17  #   , for which the initial wave height at each point corresponded to the maximum run-up height, demonstrating a high degree of consistency across all monitoring points. At point     17  #   , situated at the narrow slope intersection between XBL and the reservoir’s river channel, the reflection and superposition of waves led to increased wave energy, resulting in further elevation of the run-up height.



Comparing the run-up wave fluctuations between points     12  #    and     17  #    in the physical experiments and numerical simulations revealed a close similarity in waveforms, particularly in the maximum run-up wave height (Figure 8). Over time, waves interacted and collided, leading to a decrease in wave amplitude and an increase in frequency. Despite the irregularity and formation of wave groups compared to the initial waves, the longitudinal wave heights consistently maintained coherence between the physical experiments and numerical simulations, highlighting the temporal and spatial consistency of wave motion.




5.4. Comparison and Analysis of Wave Height and Run-Up Values


The water level fluctuation curves at monitoring points    1 #  –   17  #    reflect the microscale propagation characteristics of the waves. Next, quantitative comparison and analysis of the maximum wave height and maximum run-up values obtained from physical experiments and numerical simulations are conducted from a macroscopic perspective. As shown in Figure 9 and Figure 10, the maximum wave height and run-up values from physical experiments and numerical simulations at each monitoring point are very close. The maximum error at the     10  #    wave height monitoring point is approximately 18%, with errors within 15% for the other wave height monitoring points. The maximum error in run-up values is observed at monitoring point    3 #    across from the wave generation area, with an error of about 25%, while errors for other run-up monitoring points are within 15%. Due to energy loss resulting from wave superposition and collision during propagation, the errors in maximum wave height and run-up values decrease with increasing distance from the disturbance point. Overall, the numerical simulations tend to yield slightly higher values compared to the results of physical experiments, which may be attributed to the idealized flow conditions and simplification of other complex factors in the numerical simulation process, neglecting their impact on the actual flow field.



Through quantitative comparison and analysis of maximum wave height and run-up values at each monitoring point from a macroscopic perspective, it is demonstrated that the numerical simulation results closely match the values obtained from physical experiments within an acceptable error range. This validates the effectiveness and accuracy of the coupled numerical simulation method.





6. Discussion


The study of landslide-induced surge waves is of great significance for geological disaster warning and prevention. By using physical experiments and numerical simulation methods for benchmark testing, the accuracy of the models is improved, and the validity and accuracy of the results are verified. This approach allows for a better understanding and prediction of landslide-induced surge wave phenomena, thereby reducing disaster losses. Meanwhile, the following issues warrant further discussion and consideration:




	(1)

	
Method Comparison. This study used physical model experiments and numerical simulations to investigate the dynamic characteristics of landslide-induced surge waves through benchmark testing. Each method has its unique advantages and limitations, contributing to the overall understanding of the phenomenon. Physical model experiments are characterized by high precision and direct observation. They can accurately reproduce the complex interactions between landslide materials and water, capturing detailed phenomena such as splash formation and wave breaking. Researchers can directly observe physical processes and collect empirical data, providing a solid foundation for validating numerical models. However, physical model experiments have scale effects, and some physical phenomena (surface tension and viscosity effects) may not be perfectly replicated. High time and cost constraints limit the number of testable scenarios. Numerical simulation methods offer high flexibility, efficiency, and detailed analysis capabilities. However, numerical simulations rely on various assumptions and simplifications (grid resolution and boundary conditions), which may introduce errors. High-resolution simulations require substantial computational resources, which can be a limiting factor.




	(2)

	
Complexity of Geological Conditions. The geological conditions at the WJS landslide site are particularly complex, posing challenges for both physical and numerical modeling. The WJS landslide is composed of a mixture of mud, silt, gravel, and clay, with a fractured bedrock base. This heterogeneity affects the landslide behavior and the generation of surge waves. The steep and variable terrain of the reservoir area, including sharp elevation changes and irregular channel shapes, significantly impacts wave propagation and interaction with the shoreline. Fluctuations in the Baihetan Reservoir water level further increase the complexity of modeling, as the interaction between the landslide and the water body varies at different reservoir stages. Compared to other geological sites, the WJS landslide area presents unique challenges due to its material heterogeneity, complex terrain, and dynamic hydrological conditions. These factors necessitate the use of physical models to capture fine-scale interactions and numerical simulations to explore broader conditions and scenarios.




	(3)

	
Error Issues. In the surge wave generation area, the initial wave height error between numerical simulations and physical experiments is relatively small (about 10%). However, at greater distances (measuring point    3 #   ), the error increases due to scale effects and model simplifications. Major influencing factors include grid resolution and boundary condition handling in numerical simulations, which can lead to inaccuracies in wave height prediction. In the wave propagation area, the results of numerical simulations generally match well with physical experiments at most measurement points. However, in areas with complex terrain (measuring points    9 #    and     10  #   ), the error increases due to terrain differences and simplified terrain handling in numerical simulations. The complexity of the terrain and the handling of reflected waves are major influencing factors. The idealized treatment of terrain in numerical simulations may overlook some key wave propagation characteristics. In the wave climbing area, especially at narrow slope intersections (measuring point     17  #   ), reflection and wave superposition lead to an increase in wave energy, thereby increasing the error in wave climbing height. The main influencing factors are wave reflection and superposition effects, which are difficult to fully replicate in numerical simulations, leading to differences between simulation results and actual experimental results. Both physical and numerical simulations produce errors, mainly due to scale effects and the fine reproduction of features related to moving objects. Numerical simulation errors primarily stem from the surge wave source model. Therefore, to improve prediction accuracy, future research should focus on improving grid resolution and boundary condition settings in numerical simulations, enhancing the handling of complex terrain and reflected waves, and calibrating and validating numerical models with more physical experiment data to reduce errors and uncertainties.




	(4)

	
Future Research Prospects. The insights from this study can be used to develop more accurate predictive models, enhancing disaster preparedness and mitigation strategies. Future research should focus on improving model accuracy, expanding scenario testing, and integrating multidisciplinary approaches. By refining numerical models to better account for the complex geological conditions and interactions observed in physical experiments, researchers can leverage the flexibility of numerical simulations to explore a wider range of landslide scenarios and hydrological conditions. Combining expertise in geomechanics, hydrodynamics, and computational fields will enable the development of more comprehensive models for landslide dynamics and associated disasters.










7. Conclusions


This paper conducted benchmark testing research on the WJS landslide in the Baihetan Hydropower Station reservoir area using physical model experiments and three-dimensional numerical simulations. The following conclusions were drawn:



Comparing the results of physical experiments and numerical simulations, the residential area experiences two significant waves, occurring at time nodes t = 80 s and t = 110 s at measurement point     13  #   . The maximum wave run-up height is approximately 3.74 m and the highest water level of the waves reaches 828.75 m, exceeding the elevation of 827.5 m in the residential area. This indicates a threat posed by the potential WJS landslide. Urgent measures should be taken to address the issue of landslide-generated surge disasters, including strengthening emergency monitoring and warning systems and optimizing the rational scheduling of reservoir water.



From a microscopic perspective, the wave fluctuations at various measurement points in the physical experiment and numerical simulation match well in the surge wave generation area, propagation area, and XBL residential area. The numerical simulation method reproduces interactions such as collision, superposition, and reflection of the surge waves triggered by the landslide entering the water, revealing the movement mechanism of the WJS landslide and the generation and propagation laws of the surge waves.



From a macroscopic point of view, numerical simulation has some limitations. This may be due to the complex geological conditions during the construction of the experimental model and the discretization error caused by grid division. In addition, the numerical simulation method based on hydrodynamics still has limitations in studying the fluid–solid interaction and the microdamage mechanism of the slide; in particular, when analyzing the surge region, the correlation between wave height and climb height is low and the accuracy is insufficient.



By combining physical models and numerical simulation methods, benchmark testing was conducted from both microscopic and macroscopic perspectives. This approach provided scientific evidence for the accuracy and validity of the research results, promoted the application of fluid dynamics numerical simulation methods, and strongly supported the prediction and prevention of landslide-induced surge wave disasters in China.
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Figure 1. Geographical location of the Wangjiashan Landslide. 
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Figure 2. Cross-section A-A’ of the WJS landslide. 
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Figure 3. Schematic diagram of measurement devices in the physical experimental model. 
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Figure 4. The entire process of the WJS landslide entering the water. (a–f) Images of landslide slides at different moments. 
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Figure 5. The complete process of WJS landslide-generated waves under numerical simulation. 
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Figure 6. Comparison of wave height measurement points for surf generation areas    1 #    and    2 #   , and tide level measurement point    3 #   . 
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Figure 7. Comparison of wave heights at measurement points    4 #  –   11  #    in the wave propagation area. 
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Figure 8. Comparison of wave heights at measurement points     12  #  –   17  #    in the XBL residential area. 
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Figure 9. Comparison of maximum wave heights and maximum climb higher between physical experiments and numerical simulations at measurement points    1 #  –   17  #   . 
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Figure 10. Errors between physical experiments and numerical simulations at measurement points    1 #  –   17  #   . 
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Table 1. Advantages and limitations of typical research methods for landslide-induced surge waves.
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Classification

	
Research Methods

	
Advantages

	
Limitations






	
Empirical formulas

	
Fritz Method

	
Accurate and stable

	
Operation is complex




	
E. Noda Method

	
Efficient and flexible

	
Overly sensitive




	
Pan Jiazheng Method

	
Practical and universal

	
Results are rough




	
Slingerland and voight Method

	
Considers multiple factors, reliable outcomes

	
Complex calculations, requires extensive data




	
Water Research Institute Method

	
Comprehensive and integrated

	
Time-consuming and labor-intensive




	
Physical model experiments

	
Two-dimensional physical model experiment

	
Simple and intuitive

	
Highly limited




	
Three-dimensional physical model experiment

	
Realistic reproduction

	
High experimental costs, long duration




	
Numerical simulations

	
CFD

	
Precise simulation

	
Computationally intensive




	
SPH

	
Strong adaptability

	
Lacks precision




	
CFD-DEM, SPH-DEM

	
Coupled analysis

	
Long computation time; low efficiency











 





Table 2. Typical large-scale three-dimensional physical model experiments of landslide-induced surge waves.
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	Landslide Name
	Scale Ratio
	Model Geometry
	Landslide Model





	Gongjiafang landslide [35]
	1:200
	24 m × 8 m × 1.3 m
	Granular mass



	Baishuihe landslide [37]
	1:200
	20 m × 8 m × 1.3 m
	Rigid block



	Stromboli landslide [38]
	1:1000
	50 m × 30 m × 3 m
	Rigid block



	Jiangnan tuokou landslide
	1:70
	58 m × 8 m × 1.6 m
	Blocks combined



	Wangjiashan landslide [39]
	1:150
	30 m × 27 m × 1.5 m
	Rigid block



	Midui ice avalanches [40]
	1:250
	3.9 m × 2.2 m
	Rigid block










 





Table 3. Results of the physical model experiment and numerical simulation.
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Measurement Point Number

	
Arrival Time of the First Wave (s)

	
Height of the First Wave (cm)

	
Maximum Wave Height (cm)

	
Maximum Run-Up Height (cm)




	
A

	
B

	
A

	
B

	
A

	
B

	
A

	
B






	
H1

	
26.2

	
27.4

	
42.8

	
43.1

	
380.3

	
354.6

	
_

	
_




	
H2

	
34.2

	
33.8

	
52.9

	
53.4

	
309.2

	
304.7

	
_

	
_




	
H3

	
45.5

	
44.5

	
65.6

	
66.8

	
_

	
_

	
1264.3

	
1576.6




	
H4

	
42.1

	
43.8

	
70.3

	
70.8

	
158.1

	
140.4

	
_

	
_




	
H5

	
74.7

	
75.4

	
192.9

	
151.5

	
192.9

	
170.6

	
_

	
_




	
H6

	
92.8

	
88.9

	
93.2

	
80.1

	
93.2

	
80.1

	
_

	
_




	
H7

	
138.8

	
142.5

	
76.6

	
88.9

	
141.9

	
151.1

	
_

	
_




	
H8

	
88.2

	
88.4

	
222.4

	
232.2

	
222.4

	
232.2

	
_

	
_




	
H9

	
101.1

	
109.3

	
160.4

	
181.8

	
160.4

	
181.8

	
_

	
_




	
H10

	
96.3

	
91.7

	
176.6

	
114.6

	
176.6

	
145.2

	
_

	
_




	
H11

	
140.8

	
147.9

	
130.6

	
111.2

	
145.4

	
131.3

	
_

	
_




	
H12

	
60.1

	
57.5

	
339.8

	
370.6

	
_

	
_

	
339.8

	
370.6




	
H13

	
57.8

	
59.8

	
373.7

	
348.3

	
_

	
_

	
373.7

	
348.3




	
H14

	
58.2

	
57.3

	
322.4

	
354.3

	
_

	
_

	
322.4

	
354.3




	
H15

	
61.4

	
58.1

	
288.7

	
330.2

	
_

	
_

	
288.7

	
330.2




	
H16

	
59.2

	
58.8

	
260.2

	
270.3

	
_

	
_

	
260.2

	
270.3




	
H17

	
64.1

	
63.2

	
177.1

	
126.1

	
_

	
_

	
390.6

	
356.5








Note: A refers to the physical model experiment, and B refers to the numerical simulation.
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