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Abstract 1 

Prediction of the dam failure process and downstream flooding is crucial for hazard 2 

management and understanding the local morphological changes associated with landslide dam 3 

events. Indeed, numerous models exist to simulate landslide dam failures, but the characteristics of 4 

these dams, especially their very specific material composition, are often oversimplified or 5 

neglected. This paper presents a 2D numerical model that accounts for non-uniform and multi-6 

layered sediments. It is applied to the failure of the second Baige landslide dam and the results are 7 

validated through comparisons with field observations. The effects of the upstream inflow rate and 8 

dam material composition on the failure process are investigated. Additionally, the numerical results 9 

are compared to those obtained from five other detailed, less detailed or empirical models. The 10 

results show that the proposed model accurately reproduces the dam failure process and captures 11 

the evolution of surface grain size distribution during the event. Increased upstream inflow rates 12 

significantly increase the peak discharge but have a limited effect on the final breach while lower 13 

inflow rates significantly extend the time to failure, allowing for emergency interventions and 14 

evacuation. Due to the high inflow discharge in the case of the Baige event and relatively fine dam 15 

material, all sediment sizes are mobilized, resulting in negligible differences in failure evolution 16 

between uniform and non-uniform sediment scenarios. Furthermore, unlike empirical and simplified 17 

numerical models, the proposed model does not rely on limited case studies or predefined breach 18 

evolution assumptions, providing a more reliable simulation framework. It therefore offers a 19 

practical and flexible framework for hazard assessment and mitigation planning in mountainous 20 

regions worldwide. 21 
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1. Introduction 1 

Landslide dams are common natural hazards in mountainous areas and are formed by the 2 

blockage of rivers with landslides, rockfalls and debris flows (Costa and Schuster 1988). Over the 3 

past two decades, intense tectonic activity and extreme weather have contributed to numerous 4 

landslide dam events in mountainous countries such as Japan, Nepal, and China (Zheng et al. 2021). 5 

For example, the 2004 Mid-Niigata Prefecture earthquake in Japan triggered 45 landslide dams 6 

(Sassa 2005). while the 2008 Wenchuan earthquake in China generated over 200 landslide dams 7 

(Yin et al. 2009). More recent examples include the Jure landslide dam caused by heavy rainfall in 8 

Nepal in 2014 (Van Tien et al. 2021) and the two Baige landslide dams formed by prolonged 9 

precipitation on the Tibet–Sichuan border in 2018 (Ouyang et al. 2019). Unlike artificial dams, most 10 

landslide dams fail within a month after their formation, resulting in catastrophic downstream 11 

flooding and significant environmental change (Korup 2004). For example, the failure of the 12 

Tangjiashan landslide in China in 2008 deposited several meters of sediment and altered the 13 

downstream river channel (Yin et al. 2009). The Baige landslide dams endangered over 20,000 14 

people and caused economic loss estimated at 42 billion CNY in the downstream areas (Yang et al. 15 

2022). Previous studies have shown that the downstream impact of landslide dam failure is largely 16 

determined by factors such as peak discharge and the failure mechanism (Delaney and Evans 2015). 17 

Accurate prediction of these factors is therefore essential for effective hazard management. 18 

Landslide dam failure prediction is typically conducted using empirical equations, physically 19 

based simplified models, and, in some cases, detailed numerical simulations (Mei et al. 2022). 20 

Empirical equations—such as those developed by Walder and O'Connor (1997) and Shen et al. 21 

(2020)—primarily aim to estimate key failure parameters like the peak discharge. These equations 22 
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are derived from statistical analyses of historical landslide dam events. However, their reliability is 1 

often questioned due to their reliance on a limited set of geometric parameters and a relatively small 2 

dataset, which may not capture the full complexity of real-world scenarios (Froehlich 2022). 3 

Physically based simplified models were initially designed for artificial dam failures, such as the 4 

BREACH model, which employs the broad-crested weir assumption for discharge calculation and 5 

uses an empirical breach pattern to simulate the failure process (ASCE/EWRI Task Committee on 6 

Dam/Levee Breaching, 2011). Building on these foundational models, more recent efforts have 7 

adapted them for landslide dams. For example, the DABA model proposed by Chang and Zhang 8 

(2010) and the DB-IWHR model proposed by Zhong et al. (2019) have been used in various case 9 

studies and have demonstrated reasonable accuracy in predicting the failure process (Shi et al. 2016; 10 

Wang et al. 2021). Nevertheless, their predictive capabilities are limited by predefined breach 11 

patterns and specific breach depths, limiting their application in predicting the actual failure.  12 

Detailed numerical models that solve various forms of the shallow water equations (e.g., 1D 13 

and 2D), often coupled with sediment transport and morphological change algorithms, have been 14 

widely applied to simulate river-related processes such as flood propagation, topographic evolution, 15 

and sediment dynamics (Soares-Frazão et al. 2012, Qian et al. 2017; Hashemi et al. 2023; Thapa et 16 

al. 2024). Numerous models have been developed that incorporate different sediment transport 17 

modes and numerical schemes (Simpson and Castelltort 2006; Wu and Wang 2007; Soares-Frazão 18 

& Zech 2010; García-Navarro et al. 2019; Zhao et al. 2019). For example, models that couple the 19 

shallow water equations with an active layer formulation can effectively simulate morphological 20 

changes involving non-uniform sediments (Stecca et al. 2014; Juez et al. 2015; Chavarrías et al. 21 

2019; Yang et al. 2024b). Some models also incorporate the Richards equation to account for both 22 
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surface and subsurface flows during dike failure or flood propagation (Li et al. 2021; Delpierre et 1 

al. 2023). In addition, multiphase models, such as two-phase or quasi-single-phase formulations, 2 

that treat solid and fluid components separately have been developed for sediment-laden flows 3 

(Pudasaini 2012; Xia et al. 2018; Martínez-Aranda et al. 2022; Meurice and Soares-Frazão 2024). 4 

Despite their proven accuracy in a range of riverine and geomorphic contexts, these models have 5 

only been rarely applied to simulate landslide dam failures and the resulting downstream flood and 6 

morphological changes. In particular, most of these models do not explicitly consider the unique 7 

characteristics of landslide dams, which can lead to significant inaccuracies in simulation outcomes. 8 

Indeed, the landslide material is deposited without compaction in the valley to form the dam, which 9 

leads to a wide material composition and a low safety factor for the resulting embankment. Recently, 10 

three-dimensional (3D) models based on the Naiver–Stokes equations have also been employed to 11 

simulate landslide dam failures, such as open-source 3D models applied by Mei et al. (2021) or Hu 12 

et al. (2024) to both laboratory-scale and real-world scenarios. In addition, Smoothed Particle 13 

Hydrodynamics (SPH)-based models have been validated using small-scale dam failure 14 

experiments (Zhou et al, 2024). However, the computational cost of such models remains 15 

prohibitively high for large-scale applications. As a result, 2D shallow-water based numerical 16 

models remain the most practical and efficient option for large-scale simulations of landslide dam 17 

failures and the associated downstream impacts. Nevertheless, further validation is needed to assess 18 

their accuracy and reliability in capturing the complex processes involved in such events. 19 

In this paper, a detailed 2D numerical model based on the shallow-water and Exner equations, 20 

considering non-uniform and multi-layered sediments, is applied to simulate a landslide dam failure. 21 

Additionally, the effects of the upstream inflow rate and dam material composition on the dam 22 
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failure process are analyzed through simulations of the second Baige landslide dam event. The paper 1 

is organized as follows: Section 2 introduces the second Baige landslide dam and the available data, 2 

including the digital elevation model of the study area and the composition and distribution of dam 3 

materials. Section 3 describes the numerical model used to simulate the Baige dam failure, along 4 

with the numerical setup and the simulation scenarios. Section 4 presents the simulation results, the 5 

evaluation of the model's performance, and discusses the impact of the upstream inflow rate and of 6 

the dam material composition on the failure process. In Section 5, results from the proposed model 7 

are compared with those from empirical equations, simplified physically based models, and other 8 

detailed numerical approaches. The limitations of the current model and directions for future 9 

development are also discussed. Finally, Section 6 summarizes the main conclusions of the study. 10 

2. Description of the study area 11 

2.1. The two co-site Baige landslide dams 12 

As illustrated in Figure 1, the Jinsha River is the upper reach of the Yangtze River, located in 13 

southwestern China. It originates in Qinghai province and flows through Tibet, Sichuan and Yunnan 14 

Provinces, spanning a total length of approximately 2,290 km (Figure 1b) (Tan et al, 2024). Due to 15 

the uplift of the Tibetan Plateau and the deep incision caused by river erosion, the river channel is 16 

steep and characterized by highly energetic flows. These geomorphological and hydrological 17 

conditions have led to frequent natural hazards in the region, including landslides, rockfalls, and 18 

debris flows. According to a statistical study by Li et al, (2016), more than 339 landslides and 19 

rockfalls have been documented along the Jinsha River, with 61 of these events resulting in river 20 

blockage and the formation of landslide dams. Furthermore, the significant elevation difference of 21 

approximately 3,250 meters creates favorable conditions for hydropower development. As a result, 22 
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over 25 large artificial dams have been constructed or planned along the river for energy production 1 

and flood control (Zhang et al, 2019). Given these conditions, the analysis of landslide dam-induced 2 

floods and the implementation of effective hazard management strategies are critical for the safety 3 

of local populations and infrastructure. 4 

The two Baige landslide dams were formed on the upper reaches of the Jinsha River (98°42'17" 5 

E, 31°04'59" N), approximately 20 km downstream of the Boluo village, on 10 October and 4 6 

November 2018, respectively (Figure 1b). The first dam failed two days after its formation and had 7 

no impact on the downstream areas (Figure 1c). Following its failure, a residual dam approximately 8 

29 meters high remained in place. The second Baige landslide, with a volume of 1.20×107 m3, was 9 

deposited directly on the remnants of the first dam, creating a second, larger landslide dam. This 10 

second dam was 96 m high with a 79.4 m wide crest, and had a total volume of 3.02×107 m3 (Figure 11 

1c), impounding an upstream lake with a maximum capacity of 7.50×108 m3. Due to the increased 12 

risk posed by the larger lake volume, the upstream inflow rate, controlled by dams in the upper 13 

valley, was reduced from 1,600 m3/s to 800 m3/s to delay the failure of the landslide dam. In addition, 14 

a diversion channel with a depth of 15 m, a top width of 42 m and a bottom width of 3 m was 15 

excavated along the dam crest (Figure 1d), successfully reducing the lake capacity to 5.24×108 m3 16 

(Yang et al. 2022). Despite these mitigation efforts, the second Baige landslide dam failed 9 days 17 

after its formation, with a peak discharge of 33,900 m3/s. The resulting flood traveled over 600 km 18 

downstream. Post-failure observations indicated the presence of a residual dam with a height of 35 19 

m. The final breach was estimated to be 61 m deep, with a top width of 300 m and a bottom width 20 

of 90 m (Zhang et al. 2019). 21 
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 1 
Figure 1 The two Baige landslide dams on the Jinsha River, China: (a) Location of the Jinsha River; 2 
(b) Location of the two Baige landslide dams; (c) The first Baige landslide dam formed on 10 3 
October, 2018 and (d) The second Baige landslide dam formed on 4 November, 2018. 4 

 5 
Figure 2 Regional digital elevation model of the second Baige landslide dam: (a) Topographic 6 
contour map of the second Baige landslide dam; (b) DEM before dam failure and (c) DEM after 7 
dam failure. 8 

2.2. Digital terrain model of the second Baige landslide dam 9 
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The regional digital elevation model (DEM) used in this study, representing the topography 1 

after the formation of the second Baige landslide dam, is shown in Figure 2a. As the simulation 2 

focuses specifically on the failure of the second Baige landslide dam, a DEM covering an area of 3 

2.9×2.2 km2 was used to conduct the simulation. Within this domain, the Jinsha River extends for 4 

approximately 2.8 km, with the landslide dam situated near the center of the simulation area. To 5 

incorporate the effects of emergency mitigation measures, a diversion channel with a depth of 15 m, 6 

a top width of 42 m and a bottom width of 3 m was added to the DEM (Figure 2b), replicating the 7 

channel excavated during the actual event. As no DEM was available for the region prior to the 8 

formation of the landslide dams, the post-event DEM was manually modified based on available 9 

topographic and geological data to reconstruct the pre-dam topography corresponding to the second 10 

landslide dam (Figure 2c). The DEM containing the dam and the diversion channel (Figure 2b) was 11 

used to define the erodible morphology of the landslide dam while the modified DEM representing 12 

the pre-event terrain (Figure 2c) was used to represent the non-erodible bed in the numerical 13 

simulation.  14 

 15 
Figure 3 Dam material composition of the second Baige landslide dam. Note: G1, G3, G5 and G7 16 
are samples from the elevation below 2940 m; G2, G4, G6 and G8 are samples from the elevation 17 
above 2940 m. Ave._Up and Ave._Down refers to the average value of the materials from the 18 
elevation above and below 2940 m, respectively. Ave._Sum is the average of the all eight samples. 19 



11 
 

2.3. Dam material composition and distribution 1 

Dam material composition is one of the factors influencing the failure of landslide dams (Shen 2 

et al., 2022). Based on a field survey by Zhang et al. (2019), eight samples were collected from 3 

various locations within the second Baige landslide dam for analysis (Figure 3). The upper portion 4 

of the dam, located between elevations of 2,940 m and 2,970 m, consisted of loose gravelly sand, 5 

with a dry density ranging from 1469 – 1591 kg/m3 and a void ratio between 0.41 and 0.46 (Samples 6 

G1, G3, G5 and G7 shown in Figure 3). The lower section of the dam, situated below 2,940 m, was 7 

predominantly composed of weathered plagioclase gneiss, exhibiting a higher dry density of 1831 8 

– 2062 kg/m3 and a porosity ranging from 0.24 to 0.32 (Samples G2, G4, G6 and G8 shown in 9 

Figure 3). The particle size of the dam material varied from 0.075 mm to 40 mm. The median 10 

diameter was 4.3 mm for the upper layer and 8.6 mm for the lower layer, with an estimated average 11 

of 6.2 mm for the entire dam. The angle of repose for the dam material was estimated to range from 12 

35° to 38°, as estimated by Li et al, (2023) and Mei et al, (2022). 13 

3. Methodology 14 

3.1. Numerical model considering non-uniform and multi-layered sediments 15 

The failure of the second Baige landslide dam was simulated using a two-dimensional 16 

numerical model that accounts for non-uniform and multi-layered sediment dynamics. A schematic 17 

of the model framework is presented in Figure 4. This model integrates the shallow water equations 18 

with a modified Exner equation and Hirano’s active layer formulation to capture sediment transport 19 

and morphological evolution processes (Figures 4a and 4b). The governing equations used in the 20 

numerical model are as follows: 21 𝜕ℎ𝜕𝑡 + 𝜕(𝑞௫)𝜕𝑥 + 𝜕(𝑞௬)𝜕𝑦 = 0                                                     (1) 22 
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𝜕(𝑞௫)𝜕𝑡 + 𝜕(𝑞௫ଶ ℎ⁄ + 12𝑔ℎଶ)𝜕𝑥 + 𝜕(𝑞௫𝑞௬ ℎ⁄ )𝜕𝑦 = 𝑔ℎ ቆ−𝜕𝑧௕𝜕𝑥 − 𝑛ଶ√𝑢ଶ + 𝑣ଶ𝑢ℎସ/ଷ ቇ                   (2) 1 𝜕(𝑞௬)𝜕𝑡 + 𝜕(𝑞௫𝑞௬ ℎ⁄ )𝜕𝑥 + 𝜕(𝑞௬ଶ ℎ⁄ + 12𝑔ℎଶ)𝜕𝑦 = 𝑔ℎ ቆ−𝜕𝑧௕𝜕𝑦 − 𝑛ଶ√𝑢ଶ + 𝑣ଶ𝑣ℎସ/ଷ ቇ                   (3) 2 𝜕𝑧௕𝜕𝑡 + 11 − 𝜀 𝜕(∑ 𝑓௜𝑞௦௜,௫)ே௜ୀଵ𝜕𝑥 + 11 − 𝜀 𝜕(∑ 𝑓௜𝑞௦௜,௬)ே௜ୀଵ𝜕𝑦 = 0                                 (4) 3 𝜕(𝑓௜𝐿௔)𝜕𝑡 = − 11 − 𝜀 ቆ𝜕൫𝑓௜𝑞௦௜,௫൯𝜕𝑥 + 𝜕൫𝑓௜𝑞௦௜,௬൯𝜕𝑦 ቇ − 𝑓௘௦௜ 𝜕(𝑧௕ − 𝐿௔)𝜕𝑡                          (5) 4 

where Eqs. (1), (2) and (3) are the mass conservation and momentum equations and are used to 5 

update the flow field during the simulation, with ℎ, 𝑧௕, 𝑛, 𝑔, 𝑞௫ = 𝑢ℎ, 𝑞௬ = 𝑣ℎ being the flow 6 

depth, bed level, Manning friction coefficient, gravitational acceleration, unit discharge in 𝑥 and 7 

𝑦  directions, respectively, with 𝑢  and 𝑣  the 𝑥  and 𝑦  velocity components. Eq. (4) is the 8 

modified Exner equation considering non-uniform sediments, where 𝜀, 𝑁, 𝑓௜, 𝑞௦௜,௫ and 𝑞௦௜,௬ are 9 

the bed porosity, the number of considered sediment fractions, the percentage content of the ith 10 

sediment fraction, the unit sediment transport rates of the ith sediment fraction in the x and y 11 

directions, respectively. Eq. (5) is the active layer equation and is used to update the percentage 12 

content of each sediment fraction in the active layer, with 𝐿௔ being the active layer depth, 𝑓௘௦௜ 13 

being the sediment exchange between the bed load layer and the active layer (Figure 4) and can be 14 

estimated as follow: 15 

𝑓௘௦௜ =  ⎩⎨
⎧𝐹௜                                                             𝑖𝑓 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛
𝑎𝑓௜ + (1 − 𝑎) 𝑓௜ට𝑞௦௜,௫ଶ + 𝑞௦௜,௬ଶ𝑞௦          𝑖𝑓 𝑎𝑔𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛                                      (6) 16 

where 𝑎  is an empirical parameter ranging from 0 to 1 and 𝑞௦  is the total bedload sediment 17 

transport rate. 18 

The model is solved with a set of closure equations to calculate the sediment transport rate, the 19 

active layer depth, and the updated Manning coefficient that evolves according to the changing bed 20 

material composition. In addition, a bank failure module proposed by Swartenbroekx et al. (2010) 21 
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is applied during the simulation (Figure 4c). This bank failure module allows to simulate the lateral 1 

slope collapse of the breach during the landslide dam failure, thereby improving the accuracy of 2 

both the failure process prediction and the peak discharge estimation (Evangelista et al, 2015). A 3 

weakly coupled finite volume scheme (Franzini and Soares-Frazão 2016) was used to solve the 4 

governing equations. The model’s applicability and accuracy were tested by simulating both a dam-5 

break flow and a dam failure at the experimental scale, as detailed in Yang et al. (2024b). 6 

 7 
Figure 4 Sketch of the numerical model considering non-uniform and multi-layered sediments: (a) 8 
overview of the model; (b) the active layer module and (c) the bank failure module. Note: q is the 9 
discharge, qb and qbi are the bedload transport rate for the total sediment and for each fraction of the 10 
sediment. φa and φb are the interactions of bedload with sediment bed and bank material, respectively. 11 
φai and φbi are the interaction of bedload with each fraction of the sediment bed and bank material. 12 
φai is the interaction between the active layer and substrate layer in each fraction of the sediment. 13 
αca and αcb are the critical angles above and below the water level. αra and αrb are the residual angles 14 
above and below the water level Zw. 15 

3.2. Numerical set-up 16 

The computational domain used for simulating the failure of the second Baige landslide dam 17 

is shown in Figure 5. The formation of the second Baige landslide dam resulted in a large backwater 18 

area upstream of the dam (Figure 5a). However, including such a vast backwater area in the 19 

numerical simulation would lead to higher computational costs and require a larger regional DEM 20 

dataset, which was not feasible. Therefore, only a limited portion of the upstream reservoir area, as 21 

indicated in Figure 5b, was included in the computational mesh. To account for the backwater effects 22 

in the upstream region, the relationship between the upstream water depth and reservoir volume 23 



14 
 

(Figure 5d) was used in the simulation. The computational domain was discretized using a series of 1 

triangular cells and divided into three distinct sections, as shown in Figure 5c. The first section, 2 

representing the main river channel, was discretized with a mesh size of 10 meters. The second 3 

section, corresponding to the upstream reservoir and hillslope area, was discretized with a coarser 4 

mesh size of 100 meters. The third section, representing the diversion channel at the crest of the 5 

dam, had a finer mesh size of 5 meters.  6 

 7 
Figure 5 Set-up of the computational domain: (a) The Baige dams and the upstream reservoir; (b) 8 
Computational domain and its set-up; (c) Details of the river channel, diversion channel and monitor 9 
sections and (d) The relationship between upstream water level and reservoir volume. 10 

A total of 18,800 triangular cells were generated within the computational domain. The initial 11 

bed elevations for the non-erodible surface and the erodible dam were assigned to each cell based 12 

on the regional DEMs representing the terrain before and after the formation of the landslide dam 13 

(Figures 2b and 2c). A 200-meter-long section at the upstream end of the reservoir was designated 14 

as the inflow boundary of the computational domain. Additionally, three monitoring sections, M1, 15 

M2, and M3, located around the dam crest, were established to record discharge throughout the 16 
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simulation. These sections were also used to analyze the temporal evolution of the breach geometry 1 

during the dam failure process. 2 

Table 1 Numerical scenarios and the related parameters 3 

Scenario Qin 
Dam material parameter 

L d50 n ɛ F P d50,i La 

S1 400 1 4.3 0.038 0.46 2 0.6 0.4 1.5 13.1 0.7 2 8.6 0.042 0.32 2 0.6 0.4 3.3 18.8 

S2 800 1 4.3 0.038 0.46 2 0.6 0.4 1.5 13.1 0.7 2 8.6 0.042 0.32 2 0.6 0.4 3.3 18.8 

S3 1,200 1 4.3 0.038 0.46 2 0.6 0.4 1.5 13.1 0.7 2 8.6 0.042 0.32 2 0.6 0.4 3.3 18.8 

S4 1,600 1 4.3 0.038 0.46 2 0.6 0.4 1.5 13.1 0.7 2 8.6 0.042 0.32 2 0.6 0.4 3.3 18.8 

S5 2,000 1 4.3 0.038 0.46 2 0.6 0.4 1.5 13.1 0.7 2 8.6 0.042 0.32 2 0.6 0.4 3.3 18.8 
S6 800 1 6.2 0.040 0.45 1 1.0 6.2 - 

Note: Qin (m3/s) is the upstream inflow rate; L is the ith layer of sediments; d50 (mm) is the median 4 
diameter of each layer; n (m1/3/s) is the Manning coefficient; ɛ is the porosity; F is the fraction 5 
number in each layer; P is the percentage content of each sediment fraction in each layer; d50,i (mm) 6 
is the median diameter of each sediment fraction in each layer; La (m) is the active layer depth. 7 

3.3. Numerical scenarios 8 

To evaluate the capability of the proposed model in simulating the landslide dam failure process, 9 

six scenarios were designed with varying upstream inflow rates and dam material compositions. 10 

Details of these six scenarios are presented in Table 1. Scenarios S1 to S5 focus on different 11 

upstream inflow rates, ranging from 400 m3/s to 2,000 m3/s. Among these, S2 (800 m³/s) and S4 12 

(1,600 m³/s) correspond to measured values observed before and after emergency mitigation efforts, 13 

respectively. In scenarios S2 and S6, different dam material compositions were considered. Scenario 14 

S2 employs a two-layer sediment structure, with each layer divided into two sediment fractions to 15 

represent the non-uniform grain size distribution. In contrast, Scenario S6 assumes uniform 16 

sediment composition throughout the dam, modeled as a single layer. For all scenarios, the material 17 

density was set to 2,700 kg/m³. Manning's roughness coefficients were set to 0.04 m1/3/s for the dam 18 

and 0.01 m1/3/s for the reservoir area, in accordance with Li et al, (2023). When simulating non-19 
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uniform sediments, an active layer depth of 0.7 meters was considered. The bank failure module 1 

evaluated slope stability using an empirical angle of 60° as both the critical and residual angle above 2 

the water surface, while a repose angle of 35° was applied for the critical and residual angles below 3 

the flow, consistently across all scenarios. To reduce the computational time, a higher inflow rate of 4 

5,000 m³/s was initially applied to rapidly fill the upstream reservoir. This inflow rate was then 5 

reduced to the target scenario-specific value before overtopping began. During each simulation, 6 

discharge and related outputs were recorded at 200-second intervals. 7 

4. Results 8 

In this section, the numerical results from Scenario S1 are first compared with the measured 9 

data to evaluate the model’s performance in simulating the failure of the second Baige landslide 10 

dam, particularly under conditions involving non-uniform and multi-layered sediments. The dam 11 

failure process, discharge variation, breach evolution, and post-failure surface grain size distribution 12 

are analyzed. Subsequently, the simulation results from the six scenarios—featuring different 13 

upstream inflow rates and dam material compositions—are compared to assess their influence on 14 

the dam failure process and associated discharge dynamics. 15 

4.1. Results of S1 16 

4.1.1. Dam failure process 17 

Figure 6 illustrates the variation in upstream water depth and dam geometry throughout the 18 

failure process of the second Baige landslide dam, while Figure 7 presents the changes in upstream 19 

reservoir water level and mean discharge at monitoring profiles M1, M2, and M3. It is important to 20 

note that the onset of overtopping is defined as t = 0 s, as a higher inflow rate was applied during 21 

the reservoir infilling stage to reduce the simulation time. Consequently, the infilling phase is 22 
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excluded from the following analysis. 1 

 2 
Figure 6 Upstream water level variation and dam failure process: (a) Beginning of overflow in the 3 
diversion channel (as t = 0 s); (b) Breach development (t = 82,800 s); (c) Occurrence of peak 4 
discharge (t = 100,000 s) and (d) Ending of dam failure simulation (t = 202,600 s). 5 

The overtopping began when the upstream water level reached 2,950.86 m (Figure 7), initiating 6 

flow through the diversion channel and triggering dam failure (Figure 6a). The water level continued 7 

to rise gradually, peaking at 2,955.73 m at t = 86,400 s. This value closely matches the observed 8 

peak of 2,956.40 m, indicating that the simulated reservoir conditions are consistent with field 9 

measurements. Concurrently, the breach depth and width expanded progressively (Figure 6b), 10 

although the discharge remained relatively low during this initial phase. A rapid increase in 11 
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discharge was observed after 80,000 s (Figure 7), culminating in a peak discharge of 32,767 m³/s, 1 

only 3.4% lower than the measured peak of 33,900 m³/s. The simulated peak occurred at t = 100,000 2 

s, which corresponds to a 2.2-hour deviation from the observed peak time. Following the peak, the 3 

discharge declined significantly, while the breach continued to widen and deepen until reaching its 4 

final configuration (Figure 6d). At this point, the discharge stabilized to match the upstream inflow 5 

rate. The entire failure process concluded at t = 194,400 s, corresponding to a total failure duration 6 

of 54 hours. This result aligns well with the reported duration of 51.2 hours (Zhang et al. 2019). A 7 

summary comparison between the simulation results and the measured data is provided in Table 2. 8 

 9 
Figure 7 Variation of upstream water level and discharge during dam failure. 10 

3.1.2. Breach evolution and changes in dam topography 11 

The breach evolution plays a critical role in controlling both the dam failure process and the 12 

magnitude of downstream flooding (Peng and Zhang, 2012; Takayama et al., 2021). As shown in 13 

Figure 8, similar breach development patterns were observed along profiles M1, M2, and M3, which 14 

can be divided into three distinct stages. Stage 1 began at the onset of overtopping (t = 0 s) and 15 

continued until t = 70,000 s. During this stage, the discharge remained relatively low, resulting in 16 

only a slight increase in breach depth, while the breach top width remained nearly constant. Stage 17 
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2, from t = 70,000 s to t = 100,000 s, was marked by a rapid increase in discharge. This resulted in 1 

significant enlargement of the breach, with both the depth and top width increasing rapidly until 2 

reaching their final dimensions. In the third stage (after t = 10,000 s), both the breach depth and top 3 

width remained constant. However, the breach bottom width continued to widen gradually until the 4 

final breach geometry was reached. The final breach dimensions obtained from the simulation were 5 

further compared with field measurements and are summarized in Table 2. The maximum breach 6 

depth, top width, and bottom width predicted by the model were 64 m, 285 m, and 130 m, 7 

respectively. These values differed from the measured data by 3 m, 15 m, and 40 m, respectively, 8 

indicating good agreement between the numerical results and observed field data. 9 

 10 
Figure 8 Variation of breach size during dam failure: (a) Breach at M1; (b) Breach at M2; (c) Breach 11 
at M3 and (d) Variation of breach depth and top width during dam failure. Note: T1 refers to the 12 
initiation of the overtopping failure, and the time interval between each line is 10,000 s. 13 

Figure 9 presents the evolution of the dam geometry along the centerline of the diversion 14 
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channel throughout the failure process. During the initial phase (from t = 0 to t = 70,000 s; profiles 1 

T1 to T7), no significant changes in dam geometry were observed, which corresponds to the 2 

relatively low discharge during this period. Between t = 70,000 s and t = 100,000 s, as discharge 3 

increased and reached its peak, the slope of the erosion surface steepened progressively, and 4 

substantial sediment removal occurred. The maximum slope of the erosion surface was observed at 5 

the time of peak discharge, indicating the most intense phase of erosion. Following the peak, the 6 

erosion surface slope gradually decreased until the dam reached its final topographic profile. 7 

Notably, the majority of erosion, breach development, and discharge variation occurred within the 8 

70,000 s to 110,000 s window, highlighting this period as the most dynamic stage of the failure 9 

process. Interestingly, the evolution of the surface slope, characterized by an initial increase 10 

followed by a gradual decrease, was also observed in small-scale dam failure experiments (Coleman 11 

et al. 2002; Yang et al. 2024a), demonstrating consistency between numerical simulation and 12 

experimental findings.  13 

Table 2 Comparison between the numerical results and field measurements 14 

Parameters Qp (m3/s) Tp (h) Td (h) Zw,max (m) Hb (m) Wt (m) Wb (m) 
Numerical results 32,767.0 27.8 54.0 2,955.73 64 285 130 

Measured data 33,900.0 30 51.2 2,956.40 61 300 90 
Errors 3.4% 7.3% 5.5% 0.02% 4.9% 5.0% 44.4% 

Note: Qp is the peak discharge, Tp is the time to peak discharge, Td is the breach duration, Zw,max is 15 
the maximum water depth in the upstream reservoir, Hb is the breach depth, Wt and Wb are the breach 16 
top width and bottom width, respectively. 17 
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 1 
Figure 9 Dam geometry evolution along the centerline of the diversion channel. Note: T1 refers to 2 
the initiation of the overtopping failure, and the time interval between each line is 10,000 s. 3 

4.1.3. Surface grain size distribution 4 

Dam material composition controls the discharge variation during the dam failure. Additionally, 5 

erosion caused by water flow alters the surface grain size distribution, which in turn affects the 6 

evolution of dam topography. In the current simulation, an active layer depth of 0.7 m was adopted 7 

to capture sediment dynamics. While this depth may be relatively large for analyzing surface grain 8 

size variations, it appears as appropriate in this case due to the large discharges involved. Under 9 

such flow conditions, the model provides meaningful insights into the increase or decrease in surface 10 

sediment median diameter. Figure 10 shows the distribution of fine content (diameter smaller than 11 

1.5 mm above 2,940 m and 3.3 mm below 2,940 m) and median diameter on the dam surface after 12 

the dam failure. As shown in Figure 10a, no significant change in surface fine content was observed 13 

following the dam failure. In terms of surface grain size distribution (Figure 10b), notable changes 14 

occurred only when the erosion front reached the lower sediment layer. A slight increase in median 15 

grain size was detected along the flow direction, but the overall variation remained relatively limited.  16 
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 1 
Figure 10 Variation of the surface grain size distribution after the failure of the second Baige 2 
landslide dam: (a) The content of sediments with median diameters of 1.5 and 3.3 mm and (b) 3 
Surface grain size distribution. 4 

This observation can be attributed to the high discharge levels during the dam failure process, 5 

which created flow conditions well above the threshold for the incipient motion of the relatively 6 

fine sediments present in the dam material considered in the simulation. Under such high-energy 7 

conditions, all surface sediments were mobilized, limiting the formation of significant grain size 8 

sorting on the dam surface. According to Egiazaroff, (1965), the incipient motion of sediments with 9 

specific median diameters can be estimated as follow: 10 

𝑓 = 𝜃௜ − 𝜃௖௜                                                                         (7) 11 

where 𝜃௜  and 𝜃௖௜  are the Shields number and the dimensionless critical shear stress of the 12 

sediment fractions with specific median diameters respectively, and can be calculated as follows: 13 

𝜃௜ = 𝑛ଶ𝑢ଶ(𝑠 − 1)𝑑ହ଴,௜ℎଵ/ଷ                                                              (8) 14 

𝜃௖௜ = ⎩⎪⎨
⎪⎧𝜃௖[ 𝑙𝑜𝑔19log ൬19𝑑ହ଴,௜𝑑ହ଴ ൰]ଶ            𝑑ହ଴,௜𝑑ହ଴  ≥ 0.4
𝜃௖ 𝑑ହ଴𝑑ହ଴,௜                                 𝑑ହ଴,௜𝑑ହ଴  < 0.4                                          (9) 15 

where 𝑛 is the Manning coefficient, 𝑢 and ℎ are the flow velocity and flow depth, respectively, 16 



23 
 

𝑠 = 2.7 is the ratio of grain density to water density, 𝜃௖ is the dimensionless critical shear stress 1 

of the whole sediment mixture and is considered as 0.047 during the simulation, 𝑑ହ଴,௜ and 𝑑ହ଴ are 2 

the median diameters of each sediment fraction and of the whole sediment mixture, respectively. 3 

Figure 11 illustrates the variation of key parameters from Eqs. (7), (8), and (9) at three points 4 

along the diversion channel following the onset of overtopping failure. Both water depth and flow 5 

velocity initially increased and then decreased during the dam failure (Figure 11a), which in turn 6 

caused fluctuations in the Shields number for each sediment fraction. Notably, the Shields stress for 7 

finer sediments was significantly higher than for coarser sediments, with values being larger in the 8 

downstream section of the channel compared to the upstream section (Figure 11b). Furthermore, it 9 

is observed that the Shields number for sediments in each fraction remained significantly above the 10 

dimensionless critical shear stress (more than 1000 times larger in most cases), except at the onset 11 

of the overtopping failure. Under these conditions, all sediment fractions were eroded 12 

simultaneously, leading to no significant variation in the grain size distribution on the dam surface 13 

after the failure.  14 

 15 
Figure 11 Variation of flow and erosion parameters at the points along the diversion channel (P1, 16 
P2 and P3 are located at M1, M2 and M3, respectively): (1) Variation of the water depth and flow 17 
velocity during dam failure; (b) Variation of the actual Shields number and the dimensionless critical 18 
shear stress during dam failure, with a zoom on low shear stress values. Note: F1 and F2 refer to the 19 
finer and coarser sediment fractions respectively, as shown in Table 1. 20 

4.2. Influence of upstream inflow rate 21 
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Figure 12 presents the variation of both the peak discharge during dam failure and the time to 1 

peak discharge for the five scenarios, each considering different upstream inflow rates. It is 2 

important to note that the time to peak discharge also accounts for the time required to impound the 3 

upstream reservoir, adjusted for each scenario to account for the speed-up in reservoir filling during 4 

the computations. Therefore, the time to peak discharge in Figure 12 is calculated as follows: 5 

𝑇௉ = 5000 × 80000𝑄௜௡ + 𝑇௉ௌ − 80000                                          (10) 6 

where 5,000 m3/s is the inflow rate used for the first 80,000 s of the numerical simulation to 7 

reduce the simulation time, 𝑇௉ௌ is the time to peak discharge that was obtained from the numerical 8 

results. 9 

The peak discharge increased from 29,600.7 m3/s to 37,232.8 m3/s as the upstream inflow 10 

discharge was raised from 400 m3/s to 2,000 m3/s (Figure 12a and b). Regarding the time to peak 11 

discharge, it took 265,795 s (73.8 h) from the formation of the dam to reach the peak discharge when 12 

the upstream inflow rate was 400 m³/s. However, this duration decreased to 140,400 s (39.0 h) when 13 

the upstream inflow rate was increased to 2,000 m³/s. In terms of the final breach size after the dam 14 

failure, both the breach depth and width increased with higher peak upstream discharge (Figure 13b). 15 

However, the variation in breach size was relatively small and can be considered negligible. For 16 

instance, when the inflow rate was increased from 400 m³/s to 2,000 m³/s, the final breach depth 17 

only increased by 4.9 m, which is 7.6% larger than that of S1 with the inflow rate of 400 m³/s. 18 
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 1 
Figure 12 Influence of upstream inflow rate on the variation of diacharge during dam failure: (a) 2 
Discharge variation of S1 – S5 during dam failure; (b) Variation of the peak discharge and the time 3 
to peak discharge. 4 

Previous flood routing analysis related to the failure of the second Baige landslide showed that 5 

there was no significant change in the downstream inundated area when the peak discharge 6 

increased from 33,900 m³/s to 55,579 m³/s (Yang et al., 2022). Therefore, while the upstream inflow 7 

rate influences the peak discharge resulting from the dam failure, its impact on downstream flood 8 

inundation is minimal. However, the significant reduction in the time to peak discharge is crucial, 9 

as it allows more time for local evacuation and the implementation of emergency countermeasures, 10 

such as the excavation of diversion channels at the dam crest. These actions help mitigate fatalities 11 

and economic losses in the affected areas. 12 

 13 
Figure 13 Influence of upstream inflow rate on breach evolution: (a) Final breach size of S1 – S5; 14 
(b) Variation of breach depth and breach width along the elevation of 2910 m. 15 

4.3. Influence of dam material composition 16 
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Figure 14 illustrates the calculated discharge variation during the dam failure and the final 1 

breach size for two different sediment scenarios: non-uniform and multi-layered sediments (S2) and 2 

uniform and single-layered sediments (S6). Both scenarios yielded peak discharge and time to peak 3 

discharge values that were in good agreement with the field-measured data. The differences between 4 

the two scenarios were relatively small and can be considered negligible. For instance, in S6, a peak 5 

discharge of 34,770.6 m³/s occurred 99,100 s after the initiation of overtopping failure, while in S2, 6 

the peak discharge was recorded at 32,767.0 m³/s at 100,000 s after the failure began (Figure 14a). 7 

The difference in peak discharge and time to peak discharge between the two scenarios was 5.9% 8 

and 0.5%, respectively. As for the final breach size, a similar breach geometry was observed in both 9 

scenarios, with only minor differences. Along the three profiles (M1, M2, and M3), the final breach 10 

depth in S6, which considers uniform sediments, was consistently 1.6–1.7 m greater than that in S2. 11 

For example, the final breach depth along M1 was 2,900.6 m in S2 and 2,898.9 m in S6, showing a 12 

1.7 m difference. 13 

Additionally, the dam failure process in both scenarios was analyzed by comparing the 14 

variation in bed elevation and erosion rate during the failure at two points along profiles M1 and 15 

M2, as shown in Figure 15. After the initiation of the second Baige landslide dam failure, the bed 16 

elevation first decreased gradually and then experienced significant changes until the final breach 17 

size was reached. The erosion rate followed a similar pattern: it initially increased to its peak value 18 

corresponding to the peak discharge, then decreased until the final breach was observed. As with 19 

the discharge and breach size, the variations in bed elevation and erosion rate were quite similar 20 

between S2 and S6. The consistency in the results between the two scenarios can be explained by 21 

the incipient movement of sediment particles, as shown in Figure 11. The high inflow rate and the 22 
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relatively fine sediments present in the second Baige landslide dam resulted in a complete erosion 1 

of all sediment particles across different diameters, leading to comparable erosion rates in both the 2 

non-uniform and uniform sediment scenarios. 3 

 4 
Figure 14 The variation of discharge during dam failure and final breach size considering different 5 
dam material compositions: (a) Discharge variation during dam failure; (b) The final breach size 6 
along M1, (c) along M2 and (d) along M3.   7 

 8 
Figure 15 Comparison of bed elevation and erosion rate variation during dam failure between S2 9 
and S6: (a) P1 on M1; (b) P2 on M2. Note: Zb is the bed elevation; E is erosion rate and is calculated 10 
as 𝐸 = ∆𝑍௕/∆𝑡. 11 
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5. Discussion  1 

5.1. Comparison of numerical results obtained from different models 2 

In this section, a model based on an empirical equation and a simplified physically based model 3 

are applied to calculate the dam failure parameters for the second Baige landslide dam. Additionally, 4 

two other detailed models (Mei et al. 2022; Li et al. 2023) are used to further validate the accuracy 5 

and effectiveness of the proposed approach. 6 

Table 3 provides a brief introduction and the main characteristics of the selected models, 7 

including the proposed approach referred to as Yand et al. (2024). For the empirical equation, the 8 

model proposed by Peng and Zhang, (2012) was selected. This model was developed based on 9 

regression analysis of landslide dam parameters from several case studies, using data from 45, 21, 10 

13, and 10 landslide dam cases to derive equations predicting peak discharge, breach depth, and 11 

breach top and bottom widths, respectively. The model also incorporates material characteristics of 12 

the dam through an empirical parameter representing the dam's erodibility. For the simplified 13 

physically-based numerical model, the DABA model proposed by Chang and Zhang, (2019) was 14 

considered. This model applies the broad-crested weir flow equation to calculate the discharge 15 

during dam failure and assumes a breach evolution pattern with an erosion rate calculated by Eq. 16 

(16) to simulate the breach development. Regarding the detailed numerical models, results from a 17 

2D double layer-averaged two-phase flow model proposed by Li et al. (2023) and a 3D model based 18 

on Reynolds-averaged Navier–Stokes (RANS) equations proposed by Mei et al. (2022) were also 19 

compared. 20 

Table 3 Introduction and characteristics of models used for predicting dam failure parameters. 21 
Refere
nce 

Category Conception Remark 
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Peng 
and 
Zhang, 
(2012) 

Empirical 
equation 

1) Regression analysis: 

  ொ೛൭೒భ/మಹ೏ఱ/మ൱ = (ு೏ுೝ)ିଵ.ଷ଻ଵ ൬௏೗భ/యு೏ ൰ଵ.ହଷ଺ 𝑒ఈ                      (11) 

  ு್ுೝ = (ு೏ுೝ)଴.ଽଶଷ ൬௏೗భ/యு೏ ൰଴.ଵଵ଼ 𝑒ఈ                               (12) 

  ௐ೟ுೝ = (ு೏ுೝ)଴.ଽଵଵ ൬௏೗భ/యு೏ ൰଴.ଶ଻ଵ 𝑒ఈ                               (13) 

  ௐ್ு೏ = 0.003 ቀு೏ுೝቁ + 0.07 ൬௏೗భ/యு೏ ൰ + 𝛼                  (14) 

1) Limited 
case number 
(45, 21, 13, 
10 landslide 
dam cases 
for 𝑄௣, 𝐻௕, 𝑊௧ and 𝑊௕; 
2) Erodibility 
of the 
material 
should be 
evaluated to 
determin 𝛼. 

Chang 
and 
Zhang, 
(2010) 

Simplified 
physically-
based model 

1) The broad-crested weir flow equation: 
  𝑄௣ = 1.7[𝑊௕ + (𝐻 − 𝑍)𝑡𝑎𝑛𝜃](𝐻 − 𝑍)యమ          (15) 
2) Erosion rate calculation: 
  𝐸 = 𝑘ௗ(𝜏 − 𝜏௖)                                                       (16) 
3) Breach development: 

 
  Across the channel        along the channel 

1) The 
breach 
development 
pattern 
across and 
along the 
flow 
directions 
should be 
assumed. 

Mei et 
al, 
(2022) 

3D RANS 
equations- 
based model 

1) RANS equations for flow field. 
2) RNG k-ɛ turbulence model for nonlinear Reynolds 
stress term. 
3) Update bed elevation: The Exner equation. 
4) Uniform sediments with both bed and suspend loads. 

1) Grain size 
distribution 
of the dam 
material. 
2) Turbulent 
coefficients. 

Li et al, 
(2023) 

2D double 
layer-
averaged 
two-phase 
flow model 

1) Equations for Upper clear-water flow layer. 
2) Equations for lower water-sediment mixture flow 
layer. 
3) Equations for size-specific sediment phase. 
4) Update bed elevation: The Exner equation. 

1) Grain size 
distribution 
of the dam 
material. 
2) Boundary 
of the two 
flow layers. 

Yang et 
al, 
(2024) 

2D model 
considering 
non-
uniform and 
multi-
layered 
sediments 

1) Update flow parameters: 
  Shallow water equations Eq. (1) (2) and (3). 
2) Update bed elevation: 
  The modified Exner equation Eq. (4). 
3) Update surface grain size distribution: 
  Hirano’s active layer equation Eq. (5). 
4) Multi-layered sediments 

1) Grain size 
distribution 
of the dam 
material. 
2) Sediment 
layers´ 
depth. 

Note: 𝑄௣  is the peak discharge, 𝑔  is the gravitational acceleration, 𝐻ௗ  and 𝐻௥  are the dam 1 
height and reference height (1 m), respectively; 𝑉௟ is the upstream lake volume, 𝑊௧ and 𝑊௕ are 2 
the breach top and bottom width, respectively; 𝛼  is the erodibility factor and varies in each 3 
equation. 𝐻 and 𝑍 are the water level and sediment level, respectively; 𝜃 is the side slope of the 4 
breach. 𝐸 is the erosion rate, 𝑘ௗ is the coefficient of erodibility, 𝜏 and 𝜏௖ are the shear stress at 5 
the water/soil interface and critical shear stress of the soil. 6 

Table 4 presents the dam failure parameters of the second Baige landslide dam obtained from 7 

the five models. When compared to the simplified and the proposed detailed physically-based 8 
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numerical models, the empirical equations underestimated the peak discharge but overestimated the 1 

final breach size, particularly the breach depth and breach top width, with differences of 30.82% 2 

and 49.90%, respectively. The best estimate for the peak discharge of 34,348.0 m³/s (compared to 3 

the measured value of 33,900.0 m³/s, yielding a difference of just 1.32%) was obtained from the 4 

simplified physically-based DABA model. However, the DABA model overestimated the final 5 

breach size, especially the breach bottom width, which was estimated at 139.8 m, a difference of 6 

more than 50% compared to the measured data of 90 m. Regarding the detailed physically-based 7 

numerical model used in this study, good agreement was found with the field data for peak discharge, 8 

breach depth, and breach top width. Specifically, the smallest errors of 4.92% and 5.00% were 9 

obtained for the final breach depth and breach top width, respectively. However, similar to the 10 

DABA model, the detailed model overestimated the final breach bottom width, with a difference of 11 

44.44% compared to the field data. This discrepancy can be attributed to the neglected variation of 12 

the angle parameters in the bank failure module: these parameters can indeed change due to 13 

sediment layer changes during the simulation, but here a constant value was applied, leading to  14 

possible inaccurate estimate of the breach width. Furthermore, an unsaturated state in the dam 15 

material was observed, but it could not be simulated with the current model. Therefore, further 16 

development of the numerical model is needed in future studies. Nevertheless, it has the advantage 17 

of not being limited by the case numbers used to validate formulas or the assumed breach pattern, 18 

unlike the other models. 19 

Regarding the other two detailed numerical models, only the peak discharge during dam failure 20 

is available. As shown in Table 4, the 3D RANS-based model proposed by Mei et al. (2022) 21 

underestimates the peak discharge, with an error of 12.92% (29,518.0 m³/s vs. 33,900.0 m³/s). A 22 
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smaller error of 3.28% (32,787.0 m³/s vs. 33,900.0 m³/s) is observed with the 2D double-layered 1 

two-phase flow model proposed by Li et al. (2023). This result is in good agreement with the one 2 

obtained by the proposed model, which considers non-uniform and multi-layered sediments, 3 

showing a difference of only 20 m³/s. Therefore, despite the larger error in predicting the breach 4 

bottom width, the proposed numerical model remains well suited to simulate the dam failure process 5 

and predicting the relevant failure parameters.  6 

Table 4 Comparison of dam failure parameters obtained from different models 7 
Model Parameter Qp Hb Wt Wb 

Empirical equation* Estimated 30,515.0 42.2 150.3 114.2 
Errors 9.99% 30.82% 49.90% 26.89% 

Simplified model* Estimated 34,348.0 70.5 337.4 139.8 
Errors 1.32% 15.57% 12.47% 55.33% 

Detailed model 
(Mei et al, 2022) 

Estimated 29,518.0 - - - 
Errors 12.92% - - - 

Detailed model 
(Li et al, 2023) 

Estimated 32,787.0 - - - 
Errors 3.28% - - - 

Detailed model 
(Yang et al, 2024b) 

Estimated 32,767.0 64.0 285.0 130.0 
Errors 3.34% 4.92% 5.00% 44.44% 

Note: *The results was cited from Zhang et al, (2019). Qp (m3/s) is the peak discharge; Hb (m) is the 8 
breach depth; Wt (m) is the breach top width and Wb (m) is the breach bottom width. 9 

5.2. Does material composition really influence the dam failure process? 10 

The above results indicate that the dam material composition, whether uniform sediments or 11 

non-uniform and multi-layered sediments, has a limited effect on the failure process and discharge 12 

variation in the case of the second Baige landslide dam. This can be attributed to the high inflow 13 

rate combined with the fine material composition, which leads to the erosion of all sediments within 14 

the dam, regardless of their median diameters. However, it is important to note that the inflow 15 

conditions and material compositions of landslide dams can vary significantly depending on local 16 

environmental and geological factors. For instance, the Tangjiashan landslide, triggered by the 2008 17 

Wenchuan earthquake in Sichuan Province, China, consisted of multiple sediment layers, with a 18 

non-erodible rock layer at the bottom of the dam. In contrast, the Tsaoling landslide dam, caused by 19 
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the 1999 Chichi earthquake in Taiwan, experienced a much lower inflow rate of 17.9 m³/s. In these 1 

cases, overtopping flow may erode only some fractions of the bed material, potentially leading to 2 

significant differences between results derived from uniform, single-layered sediments and non-3 

uniform, multi-layered sediments. Consequently, further case studies are necessary to evaluate the 4 

performance of the model when considering non-uniform and multi-layered sediments. 5 

5.3. Limitations on modelling landslide dam failure 6 

Although the proposed numerical model successfully simulates the dam failure process and 7 

predicts the associated failure parameters, there are three key limitations that should be addressed 8 

in future work. First, the bank failure module should account for the variation of bank material 9 

properties and water content during the failure process to better simulate the variation in breach size 10 

during dam failure by . Second, the numerical modeling in this study primarily focused on the dam 11 

failure with mesh sizes ranging from 5 m to 100 m and a limited size of the simulated area, and the 12 

total simulation time was estimated to be 5 hours. However, landslide dam failure can have 13 

significant downstream impacts, including both flooding and morphological changes. Therefore, it 14 

is crucial to extend the simulation to account for these downstream effects. This requires a larger 15 

computational domain that includes the entire potentially impacted downstream area. Therefore, the 16 

computational efficiency of the model must be improved to allow for such large-scale simulations 17 

within a reasonable time frame. Third, most landslide dams consist of materials with particle sizes 18 

ranging from millimeters to several meters. Current numerical tools are not well-equipped to 19 

simulate landslide dam failure involving large particles, as the commonly used sediment transport 20 

equations were not designed to account for rock movements. Addressing the influence of large 21 

particles remains a major challenge for the existing numerical techniques. 22 
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6. Conclusion 1 

This study applied a 2D numerical model incorporating non-uniform and multi-layered 2 

sediments to simulate the failure of the second Baige landslide dam considering various upstream 3 

inflow rates into the artificially formed reservoir and dam material compositions. The 2D model 4 

demonstrated good accuracy in simulating the dam failure process and the corresponding parameter 5 

variations. The estimated peak discharge was 32,767.0 m³/s, with a 3.61% difference compared to 6 

the measured value. The estimated final breach depth, breach top width, and breach bottom width 7 

were 64 m, 285 m, and 130 m, respectively, with errors of 4.9%, 5.0%, and 44.4% compared to field 8 

data. Changing the inflow rate in the artificial upstream reservoir has a significant effect on the peak 9 

discharge, while the effect on the final breach depth and width was small enough to be considered 10 

negligible. Notably, a reduced inflow rate that extends the time required to fill the upstream reservoir 11 

significantly delayed the dam failure, providing more time for emergency mitigation measures. In 12 

the present case, the material composition showed a limited impact on the failure process: scenarios 13 

with uniform single-layered and non-uniform multi-layered sediments resulted in similar discharge 14 

variations and breach sizes, with only a 5.9% difference in peak discharge and a 1.7 m difference in 15 

final breach depth. Furthermore, when non-uniform multi-layered sediment was considered, no 16 

significant variation in the surface grain size distribution was observed after the dam failure. This 17 

similarity and the unchanged surface grainsize distribution are attributed to the high inflow 18 

discharge, which generated bed shear stresses far above the threshold for incipient sediment 19 

movement, resulting in similar erosion rates regardless of the material composition. 20 

Moreover, the numerical results from the proposed model were compared with those from 21 

empirical equations and a simplified physically-based model. All models accurately simulated peak 22 
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discharge, with errors within 10%. However, empirical equations tended to overestimate the breach 1 

size due to the limited real case data used in the regression analysis. While the simplified physically-2 

based model and the proposed model performed better in simulating breach size, the simplified 3 

model's assumptions regarding failure patterns limit its applicability in varied conditions. Compared 4 

to two other detailed models, the proposed detailed model offered a more accurate representation of 5 

the failure process, breach evolution, and discharge variation. 6 

Finally, this study enhances the understanding of landslide dam failure and supports hazard 7 

management in mountainous regions, highlighting the key role of controlling the upstream inflow 8 

discharge when possible. Further model refinement and validation using real-case scenarios are 9 

planned to improve its reliability and performance, especially regarding the effect of multiple grain 10 

sizes in the dam material that is known from experimental studies to significantly affect the failure 11 

process. 12 
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