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Spillway excavation is often adopted as a precautionary engineering measure for disaster mitigation before landslide dam breaching. Based on the landslide dam breach mechanisms, this paper focuses on developing a numerical model to comprehensively discuss the issue based on three documented landslide dam failures, such as Tangjiashan, Xiaogangjian, and Baige landslide dams. The spillway cross section morphologies were modeled with different sizes under common shape (i.e., an inverted trapezoid) and slope conditions. The influence of cross section on dam breach processes was analyzed under conditions of different depth, bottom width, slope ratio in the cross and longitudinal sections, with/without spillway. The following conclusions can be drawn: 1) excavation of a spillway can effectively reduce the peak breach flow, therefore delay the time to peak; 2) the peak breach flow dramatically decreases and the time to peak delays as the spillway depth increases; 3) the peak breach flow changes little and the time to peak occurs earlier with the increment in spillway bottom width; 4) the peak breach flow decreases and the time to peak delays with the decrease of slope ratio in cross section in the spillway; 5) the slope ratio in the longitudinal section has little influence on the breach process. Hence, if conditions permit, the spillway with large spillway depth, small bottom width, and gentle slope ratio in the cross section is the preferable section morphology for the emergency disposal of the landslide dam.
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INTRODUCTION
Landslide dam is formed by mass movements of rock and debris blocking the river channel due to earthquakes and intense rainfall (Costa and Schuster, 1988); Figure 1 presents the Hongshiyan landslide dam that occurred on August 3rd, 2014 in China. The landslide dam stability is usually related to grain-size distribution of landslide debris, landslide volume, and hydrodynamic conditions (Liao et al., 2019; Shan et al., 2020; Peng et al., 2021). Dissimilar to artificial dams, landslide dams do not have a structure that enables flood discharge (Zhong et al., 2021). The water level in the dammed lake increases eventually after the landslide dam formation due to the continuous inflow from the upstream; hence, overtopping is the most common cause of failure mode for the dam (Zhong et al., 2018).
[image: Figure 1]FIGURE 1 | Hongshiyan landslide dam in China.
The failure of a landslide dam may pose a tremendous threat to human life and property in the downstream region; hence, risk mitigation of landslide dam failure has significant implications for socio-economic development. The risk mitigation measures for landslide dams can be categorized into engineering and non-engineering. Non-engineering measures include warning and evacuation of people in the risk area, whilst engineering measures consist of reducing the landslide dam height or/and the reservoir of the dammed lake to minimize downstream hazards. In general, engineering measures are usually taken immediately, if conditions permit, to prevent the water level from reaching dangerous elevation and to reduce the reservoir capacity. In the current situation, commonly used engineering measures are basically the construction of drainage tunnels through abutments, installing drainage conduits, and excavating spillways through dams (Schuster and Evans, 2011; Peng et al., 2014) (Figure 2). Constructing a drainage tunnel is usually expensive and time-consuming, and also the transportation of apparatuses and materials requires certain external conditions to be provided. Installing a drainage conduit is less affordable and more effortless than constructing a drainage tunnel; however, it has a relatively lower discharge capacity; nevertheless, it is often used to deal with landslide dams with a small reservoir. In contrast to other methods, excavating a spillway is a more efficient way to prevent the rising water level and reduce the storage capacity, which does not require complex external conditions and is relatively convenient to construct; hence, it has become forward as the most common engineering measure for the risk mitigation of landslide dams (Peng et al., 2014).
[image: Figure 2]FIGURE 2 | Engineering measures for landslide dam risk mitigation.
In the literature, there are several applicable cases regarding the excavation of spillways through landslide dams that have been utilized in risk mitigation. On April 25th, 1974, a large landslide with a total volume of 1,000–1,300 × 106 m3 took place in Mayumarca Valley, Peru, and then a landslide dam formed with the volume of about 800 × 106 m3; the dammed lake was about 32 km long and contained the reservoir over 670 × 106 m3 (Berrocal et al., 1978). To minimize the potential flood damage, a spillway with 3 m depth and 250 m length was excavated (Cai et al., 2021). On April 9th, 2000, a huge rock avalanche occurred at the Yigong Village of Tibet (Shang et al., 2003), formed landslide debris transported 8–10 km with high velocity, and completely blocked the Yigong Zangpo River. The length, width, and height of the landslide dam were 2.5 km, 2.5 km, and 60–110 m, respectively. Subsequently, a spillway with 30 m depth and 30 m bottom width was excavated before dam breaching, which significantly reduced the reservoir of dammed lake. Furthermore, 37 high-risk landslide dams formed by the Wenchuan Earthquake in 2008, China, were eliminated through excavating spillways (Cui et al., 2009; Yin et al., 2009; Peng et al., 2014).
The most crucial consideration for spillway excavation is efficiently reducing the maximum storage capacity of dammed lake and the breach flow discharge to mitigate the disaster in the downstream area. The majority of the landslide dams are formed in the mountainous regions with restricted transportation and breached within a short time. As a consequence, it is vital to completely consider the rate of rising of the water level in the dammed lake, the limitations of the construction conditions, and the discharge capacity of the downstream river channel, and to optimize the design of the spillway section morphology.
The current study offers a novel numerical model developed by the authors to quantitatively compare the breach hydrograph and breach size evolution process for each spillway section morphology. It is worth mentioning that, in this study, the cross section of spillway is specified as an inverted trapezoid in the numerical modeling due to the challenge in excavating the compound spillway and other section morphologies within a restricted time frame in reality (Figure 3). In the following sections, a brief introduction on the breach mechanisms and numerical model developed by the authors are presented. The influences on the landslide breach process under the conditions of different depth, bottom width, slope ratio in the cross and longitudinal sections, with/without spillway were comprehensively discussed.
[image: Figure 3]FIGURE 3 | Different cross-sections of the spillway.
BREACH MECHANISMS AND PROCESSES OF OVERTOPPING-INDUCED LANDSLIDE DAMS’ BREACHING
Until recently, numerous model tests on landslide dam breaching have been conducted, such as small-scale flume model tests (Yang et al., 2015; Zhou et al., 2019; Zhu et al., 2021), large-scale field model tests (Li et al., 2021; Takayama et al., 2021; Zhang et al., 2021), centrifugal model tests (Zhao et al., 2019), and in-situ measurements (Liu et al., 2010; Cai et al., 2020). Although different classification techniques existed in the division of the landslide dam breach process, the outburst process as a whole can be divided into three stages: initiation, acceleration, and stabilization. Further, the phenomenon of backward erosion is founded in the initiation stage; the acceleration stage occurs after the backward erosion enters the upstream dammed lake. The stabilization stage occurs when the inflow and outflow rates are balanced. Admittedly, the large-scale landslide dam breach model tests were only performed on the dam with a height of 1 m to several meters. Hence, due to the scale effect, the model tests have the following disadvantages: 1) the material composition of landslide dam deposits is relatively uniform, and the particle size of materials is considerably smaller than the actual situation. 2) The majority of the model tests have not considered the structural characteristics of landslide dams. Notwithstanding, the landslide dam breach process is preliminarily demystified and quantitatively documented based on the model tests.
In recent years, several physical model tests have been conducted to investigate the influences of spillway on the breach process of landslide dams. With this regard, the cross section of the spillway is set based on different geometries as an inverted trapezoid, a triangle, or a compound type (the upper part is an inverted trapezoid, and the bottom of the trapezoid is connected with an inverted triangle), shown as Figure 3. Zhao et al. (2011) defined the discharge efficiency, in which the high efficiency means the high increase rate of breach flow discharge or the short elapsed time for the arrival of peak breach flow. Based on the comparison of different model tests, Zhao et al. (2011) stated that the descending order of the discharge efficiencies of spillways is as follows: triangle, compound type, and inverted trapezoid; therewithal, suggested the compound type in the design of spillway for the emergency treatment. However, variations in the cross section areas of the spillways caused differences in the three groups of model tests. Therefore, it is debatable whether the test results can truly reflect the breach hydrographs, even under the condition that the excavated volumes are the same. Later, Zhao et al. (2018) conducted the centrifugal model tests under the condition of the same cross section area and found that the compound section is a relatively safer morphology for the spillway considering the higher initial discharge efficiency and lower peak breach flow. Due to the different environment and equipment, the physical model tests have concluded different results, the results can only reflect the breach process of landslide dam in a certain extent. The spillway with different sections has its own advantages under different conditions, it is difficult to form a unified result based on the same understanding.
The complex material and structural characteristics of landslide dams bring difficulties to accurately reflect the grain-size distribution and layered structure in the model tests; hence, a significant gap exists between the experimental results and the real state. Numerical analysis is particularly advantageous considering the repeatability and time-saving features as simulating the discharge efficiency of the spillway with different section morphologies based on the same numerical method. Furthermore, numerical methods are widely adopted to scientifically design and quantitatively analyze the breach hydrograph and morphological evolution of landslide dams with different spillway section morphologies. You et al. (2012) proposed an optimized design method of trapezoidal cross section based on the Chezy-manning formula; however, the variation of the hydrodynamic conditions was not considered due to the enlargement of spillway cross section by the flow erosion. Based on the dam breach model DABA, Peng et al. (2014) investigated the applicability of various inverted trapezoidal spillways to different erosive landslide dams. It was concluded that with regard to the erosion resistance of landslide deposits, wide and shallow sections were suitable for low erosion, while the narrow and deep sections were suitable for high erosion. In another study, Shi et al. (2016) presented an optimal design scheme of the spillway based on the calculation of the instantaneous erosion rate of landslide dam and analysis of the influence of spillway on dam breach process, Shi et al. (2016) concluded that compared the compound cross section, the trapezoid cross section has a better risk mitigation effect. However, Chen S. S. et al. (2015) came to the opposite conclusion based the interaction between coarse and fine particles. To the best of the authors’ knowledge, no scientific consensus regarding numerical modeling of landslide dam breaching has been established, different results were concluded by research scholar based different situation.
NUMERICAL MODEL FOR OVERTOPPING-INDUCED LANDSLIDE DAM BREACHING
In the previous section, the landslide dam failure process, in detail overtopping-induced landslide dam breach process, can be generally classified into three stages according to the results of the research: 1) Uniform and backward erosion. As the upstream water level continues to rise, the overtopping flow enters into the spillway entrance, and then the spillway is gradually filled with water. Since the flow velocity is relatively small, the erosion mode is mainly characterized by uniform erosion. With the increase of water depth and velocity in the spillway, intense erosion primarily occurs at the downstream toe of the landslide dam; subsequently, backward erosion begins until it reaches the dammed lake. 2) Erosion along the breach channel. After the erosion reached the dammed lake, the overtopping water head abruptly increased, then the flow velocity and breach flow discharge continue to rise rapidly. During the elapsed time, the bottom elevation of the breach channel also decreases rapidly. The downstream slope angle gradually decreases due to the erosion by water flow; simultaneously, the breach slope is intermittently unstable, and the peak breach flow occurs in this period. 3) Rebalance of breach channel. The water level in the dammed lake begins to decline rapidly with the increase of the breach flow discharge; thus, the breach channel has gained sufficient discharge capacity, resulting in at the end of the breach process.
Based on the breach process, a numerical model that can consider the hydrodynamic conditions of the dammed lake, the morphological, structural, and material characteristics of the landslide dam was proposed by Zhong et al. (2020a). The model consisted of three parts: the hydrodynamic process module, the soil erosion module, and the breach evolution module. The flow chart of the numerical model was created using the time step iteration-based calculation method to simulate the water and soil connection during the dam failure process is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Flow chart of the numerical model for landslide dam breaching.
The Hydrodynamic Process Module
The water level in the dammed lake is a dynamic process during landslide dam breaching. The lake area, inflow and different water level under different time should be considered to calculating the discharge flow, the breach process obey the water balance relationship.
[image: image]
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where t = time; zs = water level in dammed lake; Qin = inflow discharge; Qout = breach flow discharge; As = surface area of dammed lake; H = water depth in breach, and H = zs-zb; m = ratio of breach slope (horizontal/vertical); and b = bottom width of breach.
The Soil Erosion Module
The bed erosion in the breach bottom is calculate by a shear stress based erosion rate formula that can simulate the soil with wide grading.
[image: image]
in which,
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where zb = breach bottom elevation; kd = erodibility coefficient of soil; τb = bed shear stress of water; τc = critical shear stress of soil; e = void ratio of soil, Cu = non-uniformity coefficient; ρw = density of water; ρs = density of soil; n = Manning’s roughness coefficient; A = flow area; R = hydraulic radius; d50 = sediment median size; and φ = internal friction angle of soil.
The Breach Evolution Module
It is assumed that the breach side slope angles remain unchanged during the breach process until the instability of the side slopes. The increments of top and bottom widths can be calculated as following:
[image: image]
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where B = top width of breach; nloc = indicator of breach location, in which, nloc = 1 represents one-sided breach and nloc = 2 represents two-sided breach; and β = breach side slope angle.
With the development of breach size, instability of breach side slope will occur. The slope stability is calculated by the limit equilibrium method. The slope failure surface is assumed to be a plane, the slope will be instable when the following condition are met:
[image: image]
in which,
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where Fd = driving force; Fr = resistant force; γb = bulk specific weight of soil; Hs = breach slope height; α = breach side slope angle after instability; and C = soil cohesion.
CASE STUDIES
The Classification of Landslide Dams
The landslide dams’ body is formed by the accumulation of landslide debris; its structure and constituents are strongly associated with the movement and material composition of slide mass. The rock slides, rock falls, and debris flows are the most prominent forms of slides that lead to the formation of landslide dams (Fan et al., 2020; Mei et al., 2021). 1) Rock slides are a phenomenon that results in rocks sliding and blocking the river when the driving force on a potential failure surface surpasses the resistance force. Due to the limited movement distance, the sliding rocks often do not completely disintegrate, a portion of which still retain the original structure. The internal structure of landslide dams formed due to rock slides can be divided into two or more layers that have a structure in which the particle sizes of landslide deposits increase gradually with the depth. Depth-dependent particle size variation results in the landslide dam base being composed of intact strata, while the upper sections have a fragmented fraction of rock debris and soil. 2) Rock falls, as another phenomenon that causes the landslide dam formation, occurs when the rock slope loses stability under external loads; subsequently, the upper rock and soil drop by falling, leaping, or rolling. The internal structure can be split into two layers due to the various movement directions of rocks and soils; the bottom layer is composed of highly fragmented rock debris and fine-grained soil, while the top layer is composed of large-grained rocks. 3) Debris flows can be defined as the accumulation of the loose materials on the river channel derived due to the disintegration of large rock particles under high-speed sliding action and mutual collision after an avalanche occurs at the high elevation of the rock slope. Therefore, landslide dams formed by debris flows are typically dominated by relatively loose particles and fine-grained soil rather than rock structures.
In this section, corresponding to the landslide dams of the three types, three landslide dam failure cases, such as Tangjiashan (Liu et al., 2010; Chen Z. Y. et al., 2015), Xiaogangjian (Chen et al., 2018), and Baige (Cai et al., 2020; Zhong et al., 2020b) in China with documented information on the breach process are chosen as the representatives.
Introduction of the Three Landslide Dams
Tangjiashan landslide dam was formed by Wenchuan earthquake on May 12, 2008, China. Based on the geological investigation, the landslide dam belongs to the first type (rock slide induced) of landslide dams; further, it has three internal layers from dam crest to bottom, which are composed of fine-grained soils, layered fractured rock mass, and block rock mass, respectively. Tangjiashan landslide dam has the height of about 103 m, and width of 300 m on the crest, and a volume of 2.04 × 107 m3. After the emergency response from May 26 to May 31, a spillway with the depth of 13 m and bottom width of 8 m was excavated on the right bank of the dam. The spillway began to discharge at 7:08, June 7, and the peak breach flow was 6,500 m3/s, which occurred at 12:30, June 10.
Xiaogangjian landslide dam was also formed by Wenchuan earthquake, which belongs to the second type (rockfall induced) of landslide dams. The landslide dam has two internal layers from dam crest to bottom, the upper part is composed of large blocks, while the lower part is mainly composed of highly fragmented debris. Xiaogangjian landslide dam has the height of about 72 m, and width of 173 m on the crest, and a volume of 2 × 106 m3. After the field reconnaissance, and comprehensively considered the factors of construction conditions and the available time for risk migration, a spillway with 8 m depth and 30 m bottom width was constructed on the left bank of the dam. The water began to discharge at 12:00, June 12, and the peak breach flow was 3,950 m3/s, which occurred at 13:05, June 12.
On October 10, 2018 and November 3, 2018, two successive landslides occurred at the border of Sichuan Province and Tibet Autonomous Region, and totally blocked the Jinsha River twice at the same location. The first landslide dam breached naturally on October 12 due to the overtopping flow. In this study, the second Baige landslide dam which breached after the manual intervention is the study object. The Baige landslide dam belongs to the third type (debris flow induced) of landslide dams. The landslide dam is composed of loose debris, and there is no obvious layered structures. The total volume of Baige landslide dam was 3.7 × 106 m3, with an average height of 96 m. The excavated spillway in the dam crest has the depth of 13.48 m at the entrance, and the bottom width of 3 m. The water began to discharge at 10:50, November 12, and the peak breach flow was 31000 m3/s, which occurred at 18:00, November 13.
Calculated Results
Based on the numerical model developed by the authors, the breach processes of the three cases have been simulated. The morphological, hydrodynamic, and mechanical parameters of the three landslide dams are listed in Table 1. The stratification of the landslide dams, physical and mechanical parameters of each layer are shown in Table 2. The comparison of measured and calculated breaching parameters (i.e., peak breach flow, time to peak, final breach top width, final breach bottom width, final breach depth, and released water storage) of the three landslide dams are shown in Figure 5.
TABLE 1 | Morphological, hydrodynamic, and mechanical parameters of the three landslide dams.
[image: Table 1]TABLE 2 | Stratification of the three landslide dams and the physical/mechanical parameters of each layer.
[image: Table 2][image: Figure 5]FIGURE 5 | Comparison of calculated and measured breaching parameters of the three landslide dams (T = Tangjiashan landslide dam; X = Xiaogangjian landslide dam; B = Baige landslide dam; Qp = peak breach flow; Tp = time to peak; Bf = final breach top width; bf = final breach bottom width; Df = final breach depth; and Vd = released water volume. Herein, Qp of the three dams are corresponding to the left axis, and the other indicators correspond to the right axis).
The comparison in Figure 5 shows that, for Tangjiashan landslide dam, the relative errors of all breaching parameters of are less than ±15%; for Xiaogangjian landslide dam, except for the final breach top width has a relative error of 71.8%, the relative errors of all the other breaching parameters are less than ±15%; for Baige landslide dam, except for the final breach depth has a relative error of 36.7%, the relative errors of all the other breaching parameters are less than ±25%. As the top layer of the Xiaogangjian landslide dam is composed of large grained rocks, the spillway is excavated with the help of the explosion. Hence, the erosion characteristics of landslide dam deposits in the breach channel become complex. In general, the numerical model developed by the authors gives reasonably calculated results for landslide dam breaching. The following section utilizes the numerical model to study the influence of spillway section morphologies on landslide dam breaching.
COMPARISON OF BREACH PROCESSES OF LANDSLIDE DAMS WITH DIFFERENT SPILLWAY SECTION MORPHOLOGIES
An ideal efficient spillway for landslide dam drainage should provide the following requirements: 1) Excavation should be conducted at the lower position of the dam crest, and the excavated volume should be relatively small. 2) In the initial stage of landslide dam breaching, the spillway bottom can be undercut immediately, thereby rapid increment of breach flow discharge and effective reduction the water level of the dammed lake can be maintained. 3) During the accelerated stage, although the breach bottom continues to undercut, the mass failures due to the instability of the breach side slope should be less likely to happen, and the outburst flood could run forward within the downstream channel. The breach hydrograph curve should exhibit a flat shape rather than a spike. 4) After landslide dam breaching, the downcutting depth of the breach should be large enough, which could effectively reduce the storage capacity of the dammed lake.
The cross section of the spillways of the selected Tangjiashan, Xiaogangjian, and Baige landslide dams is all trapezoidal. Here, ten conditions of spillways are set to comprehensively reflect the influence due to the variations of the spillway on the breach process of landslide dams. The first condition is the actual situation on-site, which is expounded in the “Case studies” section. The second condition is set as the landslide dams without spillways. In addition, eight other conditions aim to highlight the effect of variations in depth (conditions 3 and 4), bottom width (conditions 5 and 6), slope ratio in cross section (7 and 8), and longitudinal section (conditions 9 and 10) are also set for the comparison. The morphological parameters of spillways for each condition are listed in Table 3.
TABLE 3 | Morphological parameters of the spillways with different section types.
[image: Table 3]The comparison of measured and calculated results of Tangjiashan, Xiaogangjian, and Baige landslide dams under different conditions are shown in Tables 4–6, respectively. The relative change rates of breaching parameters calculated in Tables 4–6 are the errors between each corresponding condition and condition 1. Since the breach flow discharge is the key to the disaster consequence, Figures 6–8 also presents the comparison of breach hydrographs of the three landslide dams under different conditions, respectively.
TABLE 4 | Comparison of calculated results of Tangjiashan landslide dam under different conditions.
[image: Table 4]TABLE 5 | Comparison of calculated results of Xiaogangjian landslide dam under different conditions.
[image: Table 5]TABLE 6 | Comparison of calculated results of Baige landslide dam under different conditions.
[image: Table 6][image: Figure 6]FIGURE 6 | Comparison of breach hydrographs of Tangjiashan landslide dam under different conditions. (A) Breach hydrographs in the condition of with and without the spillway. (B) Breach hydrographs in the condition of with different depths in the spillway. (C) Breach hydrographs in the condition of with different bottom widths in the spillway. (D) Breach hydrographs in the condition of with different slope ratios in cross-section in the spillway. (E) Breach hydrographs in the condition of with different slope ratios in longitudinal section in the spillway.
[image: Figure 7]FIGURE 7 | Comparison of breach hydrographs of Xiaogangjian landslide dam under different conditions. (A) Breach hydrographs in the condition of with different depths in the spillway. (B) Breach hydrographs in the condition of with different bottom widths in the spillway. (C) Breach hydrographs in the condition of with different slope ratios in cross-section in the spillway. (D) Breach hydrographs in the condition of with different slope ratios in longitudinal section in the spillway.
[image: Figure 8]FIGURE 8 | Comparison of breach hydrographs of Baige landslide dam under different conditions. (A) Breach hydrographs in the condition of with and without the spillway. (B) Breach hydrographs in the condition of with different depths in the spillway. (C) Breach hydrographs in the condition of with different bottom widths in the spillway. (D) Breach hydrographs in the condition of with different slope ratios in cross-section in the spillway. (E) Breach hydrographs in the condition of with different slope ratios in longitudinal section in the spillway.
With and Without Spillways
The comparison in Figures 6A, 8A shows that excavating spillway or not has a significant influence on the three landslide dams’ breach processes. For Tangjiashan and Baige landslide dams, it was observed that in the absence of a spillway, peak breach flow increases sharply, the volume of released water increases significantly, and the time to peak breach flow is shortened. This situation shows that if there is no spillway, severe disasters will occur. For Xiaogangjian landslide dam, without the spillway, it would not breach because the dam structure and the upper coarse particles have a strong anti-erosion ability, and the upstream flow is small to erode the landslide deposits. However, there still has the risk of dam failure in the future if the upstream inflow increases to a certain extent to wash the large particles away.
Different Spillway Depths
The comparison in Figures 6B, 7A, 8B shows that spillway depth plays an essential role in the breach processes of the three landslide dams, and the influence on the three landslide dams demonstrates a similar regularity. With the increase of spillway depth, the water storage capacity of the dammed lake reduces, and the hydrodynamic conditions gradually weaken. The most distinctive feature observed in the landslide dam breaching due to the variations of spillway depth is that the peak breach flow discharge decreases sharply, while the time to peak delays. In addition, the final breach top and bottom widths decrease with the increasing spillway depth, mainly because it lies in the attenuation of erosion ability as the peak breach flow decreases.
Different Spillway Bottom Widths
The comparison in Figures 6C, 7B, 8C also shows that variation of spillway bottom width has a major impact on the time to peak for three landslide dams. It is worth mentioning that, for Tangjiashan and Xiaogangjian landslide dams, the variation of spillway bottom width has a little impact on the peak breach flow; however, for Baige landslide dam, as the bottom width increases, the peak breach flow reduces slightly obvious due to the relatively high soil erodibility. For the landslide dam with low erodibility, the size expansion rate of spillway is very small, as well as the released water storage in the initial stage of breach process; with the intensification of soil erosion, the evolution speed of breach size increases rapidly. Hence, for the landslide dam with low erodibility, the larger the spillway bottom width is, the earlier the time to peak occurs; while the peak breach flow changes a little. For the landslide dam with high erodibility, the increment of breach size is obvious, resulted in the large released water storage in the dammed lake in the initial stage; thus, for the landslide dam with high erodibility, the larger the spillway bottom width is, the earlier the time to peak occurs, and the smaller the peak breach flow is.
Different Spillway Slope Ratios in the Cross and Longitudinal Sections
The comparison in Figures 6D, 7C, 8D shows that variation of spillway slope ratios in the cross section, and the comparison in Figures 6E, 7D, 8E shows that variation of spillway slope ratios in the longitudinal section. The cross section area of the spillway increases with the decrease of the slope ratio in the cross section of the spillway, while the depth of water flow in the spillway decreases. This weakens the erosion ability of the breach flow and resulting in reduced peak breach flow and the delay of time to peak. It also simultaneously affects the size of the breach. When it comes to the slope ratio in the longitudinal section in the spillway, the comparison shows that this influencing factor has relatively little influence on the failure process.
Different Simulation Methods
In order to provide a method for optimal design of spillways to minimize the risks, based on Tangjiashan landslide dam case, Peng et al. (2014) quantitatively evaluate practical options for spillway design with a simplified physically-based dam breach model. According to the numerical simulation, Peng et al. (2014) concluded that, a spillway with a shallow-broad and deep-narrow cross sections are suitable for low and high erodibility landslide dams, respectively, while a spillway with a large slope ratio in longitudinal section is suitable for high erodibility landslide dams with large dam widths and gentle downstream dam slopes. In addition, lowering the spillway depth is more effective than widening the spillway width in spillway design.
Compared with the conclusions proposed by Peng et al. (2014), there are some similarities and differences between the two studies. The most important one is that two studies have confirmed that spillway depth is a dominant factors for risk mitigation. However, since the section areas of different spillways remained the same in the study of Peng et al. (2014), in addition, due to the characteristics of layered structure of landslide dams are not taken into account, the soil erodibility of Tangjiashan is identified as a high value in Peng et al. (2014), there are some differences lied in the conclusions. It is worth mentioning that, if the boundary conditions and input parameters are consistent, the calculated results and conclusions in this study are in accordance with those of Peng et al. (2014).
CONCLUSION
Considering the morphological, structural, and material characteristics of the landslide dams and the hydrodynamic conditions of dammed lakes, a numerical model was developed by the authors. Three failure cases with detailed measured data are used to discuss the effects of spillway section morphologies on landslide dam breach processes. The conclusions are drawn as follows:
1) Excavating a spillway can effectively reduce the peak breach flow, thus delay the time to peak discharge. It is worth noting that, for a landslide dam with fine particles at the bottom and large particles at the top, when the hydrodynamic conditions are weak, it may not breach without spillway, but there is still a risk of dam failure.
2) In the spillway excavation, increasing the spillway depth can effectively decrease the peak breach flow, delay the time to peak, and reduce the released water storage in the dammed lake. Therefore, where conditions are concerned, care should be taken to dig as deep a spillway as possible.
3) Spillway bottom width is also an important influencing factor for the discharge efficiency, which has a major effect on time to peak, but conversely has a minor effect on the peak breach flow for the landslide dam with low erodibility. Larger spillway bottom width corresponds to the earlier time to peak, and it is also an important way to reduce the peak breach flow for the landslide dam with large erodibility.
4) A gentle slope ratio in the cross section of the spillway can decrease the peak breach flow and delay the time to peak; thus, it is recommended to reduce the slope ratio of the spillway cross section as much as possible. Moreover, the slope ratio in the longitudinal section in the spillway has little influence on the breach process.
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