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Introduction: Dams formed by landslides may produce disastrous floods after dam outbursts. However, understanding of the influence of the inflow rate on the breaching characteristics of landslide dams is still at an early stage; in particular, the relationship between breaching width and depth are still unclear.Methods: In this paper, we present the results of a series of laboratory tests that assessed seven inflow rates (1, 1.5, 2, 2.5, 3, 3.5, and 4 L/s).Results and discussion: The results show that breaching characteristics for different inflow rates are similar and that there are three breach stages for different inflow rates. The peak discharge gradually increases as the inflow rate increases. With increasing inflow rate, the breach depth and width both increase. The ratio of breach width to breach depth increases from less than 1 to 1 progressively with increasing inflow rate. The breaching width and depth can be expressed by the function [image: image]. The shape parameter k has an exponential relationship with the inflow rate.Keywords: landslide dam, breach characteristics, inflow rate, breach width, breach depth
1 INTRODUCTION
Excessive rainfall, earthquakes, and reservoir water level fluctuations often cause landslides (Azadi et al., 2022; Qiu et al., 2024; Zhu et al., 2024; Ye et al., 2024), which can fall into river channels, choke rivers, and form landslide dams (Takahashi, 2007). More than 50% of landslide dams are broken by overtopping, and 85% fail within 1 year of formation (Costa and Schuster, 1988). Hazardous flooding may occur after the failure of these dams. For example, the Tangjiashan landslide dam (volume of 2 × 107 m³) was the largest of 260 landslide dams triggered by the Wenchuan earthquake. Twenty-seven days after its formation, the dam breached, with a peak discharge of 6,500 m³/s, resulting in a flash flood downstream (Liu et al., 2010). At least 2,423 people died in the 1933 flood caused by the failure of the large Diexi landslide dam on a river in Central China (Costa and Schuster, 1988). Understanding the breaching characteristics of landslide dams can help prevent flood outbursts.
Previous studies have focused on the process of breach development, the mechanism of failure, the development of dam breach (Hanisch, 2002; Zech et al., 2008; Pickert et al., 2011; Rozov, 2003; Cao et al., 2011a; Cao et al., 2011b; Dou et al., 2014), the calculation of the peak flow of a flood, and the simulation and prediction of flood routing (Singh and Quiroga, 1987; Fread, 1988; Walder and O’Connor, 1997; Macchione, 2008; Belikov et al., 2010; Ma and Fu, 2012; Fan et al., 2012). These studies have focused mostly on the dam failure process, including the evolution characteristics of breach discharge, the influence of the gradation of materials or initial moisture of materials on the landslide dam’s breaching, and the changing characteristics of the breach. For example, the European Union launched the IMPACT project (Morris and Hassan, 2005) and the FLOOD site project (Morris et al., 2009), which combine large-scale (dam height of 4–6 m) field tests and small-scale flume tests for a detailed study of the impact of dam type, dam shape, and material composition (i.e., grain size gradation, density, moisture content, and cohesion) on the process of dam failure. Coleman et al. (2002) conducted a series of non-cohesive sand embankment overtopping tests to obtain a formula describing the geometry and dimensions of a breach. Javadi and Mahdi (2014) analyzed the failure mechanism of an impermeable rockfill dam and determined the critical water level at which the dam would overtop and the associations between the critical water level, dam height, upstream slope angle, downstream slope angle, and gravel size. Asghari Tabrizi et al. (2016) tested uniform sand with different degrees of compaction and established a dimensionless equation for the variation in breach size over time. Bento et al. (2017) conducted dam failure tests on a cohesive soil dam, observed the failure process with particle image velocimetry, and obtained a prediction formula for the hydrograph curve. Jiang and Wei (2019) studied the impact of the initial moisture content on the process of dam failure, focusing on the relationships between the initial moisture content and the failure discharge and erosion rate.
Although the characteristics of a breach and the magnitude of the resulting flood are well known to be controlled by many factors, these studies have focused on dam size and geometry, sediment characteristics, and initial water moisture. Inflow rate is an important factor in the failure process. Rifai et al. (2017) conducted experiments to investigate the impact of the inflow rate on the process of dam failure and reported that as the inflow rate increased, the time for a breach to develop significantly decreased. However, the quantitative relationships between the inflow rate and hydraulic parameters of a breach, such as the relationship between the inflow rate and breach discharge and the relationship between the inflow rate and breach size, are still unclear. This approach is unfavorable for fully understanding the mechanism of dam failure and predicting the hydraulic parameters of dam failure.
The characteristics of breach development can be characterized as the relationship between breaching width and depth, as shown by previous research, and can be characterized with a function. For example, Coleman et al. (2002) revealed that the relationship between breach width and depth can be described by a parabolic equation through experimental observations. Jiang et al. (2018), Jiang and Wei (2019), and Jiang et al. (2021) measured the breach width and depth during the failure process of a landslide dam model in the laboratory and reported that an exponential function existed between these two parameters. They also analyzed the influence of the mean diameter of materials on the coefficient of the breach width–depth function. Unfortunately, some questions remain unclear, such as whether there is a similar function type between breach depth and width for different inflow rates. What is the relationship between the coefficient of the breach width–depth function and the inflow rate?
In this work, we aim to improve the understanding of the influence of inflow rate conditions on the breach characteristics of landslide dams when triggered by overtopping. Thus, the relationships between breach parameters, such as peak discharge and breach sizes, and the inflow rate can be clearly described. With a series of flume tests, we analyzed the influences of the inflow rate on the breach discharge hydrographs, peak discharge, breach depth, and breach width. We discussed the relationship between breach width and breach depth. Finally, we investigated the relationship between the parameters of the breaching width‒depth functions and the inflow rate.
2 EXPERIMENTAL SETUP AND PROCEDURE
2.1 Experimental materials
This experiment uses sediment prepared in a manual configuration. We collected gravel, coarse sand, fine sand, and clay materials and divided them into nine groups based on particle size: 2–3 cm, 1–2 cm, 0.5–1 cm, 0.2–0.5 cm, 0.1–0.2 cm, 0.05–0.1 cm, 0.025–0.05 cm, 0.0075–0.025 cm, and <0.0075 cm. We mixed the particles of different groups and stirred them well. Particles of different sizes differed in color; for example, the gravel was black, coarse sand was white, and clay was dark yellow; thus, observing the movement of different soil particles during experiments was convenient (Figure 1A).
[image: Figure 1]FIGURE 1 | Experimental materials: (A) photograph of particles of different sizes and (B) particle size distributions of the soil.
The largest particle diameter in the experimental materials was 2 cm, the median diameter D50 was 4.8 mm, and the non-uniform coefficient 12.0. To measure the proportion of those particles with diameters less than 5 mm, we adopted the pycnometer method; otherwise, the suspending weight method was adopted. The moisture content and dry density were 7.82% and 1.72 g/cm³, respectively. The gradation curves are shown in Figure 1B.
2.2 Experimental setup
The experiments were carried out in a flume that was 15 m long, 0.3 m wide, and 0.6 m deep, with an adjustable slope angle of 0–30°, set to 1°. The flume was made of tempered glass with scales on both sides to facilitate the recording of the height of the breach bottom at different times during the experiment. The inflow rate was controlled by an electromagnetic flowmeter, and the measurement error was within ± 0.01 L/s. Different dam shapes led to differences in length along the channel. We set the upstream slope toe of the dam at 10 m from the tank. The inflow rates were set as 1 L/s (T-1), 1.5 L/s (T-2), 2 L/s (T-3), 2.5 L/s (T-4), 3 L/s (T-5), 3.5 L/s (T-6), and 4 L/s (T-7).
Cameras were deployed in front of the flume and on the dam crest to record changes in breaches during the dam failure process. A ruler was set at the dam crest. With the recorded video and the ruler, the breach width was obtained. We also set cameras at the top and both sides of the dam to record the bottom of the breach and measure the breach depth. A piezometer buried in front of the dam was used to collect water pressure data automatically. With the water pressure data, the water depth before the dam can be calculated based on hydrostatic pressure characteristics. Then, the outflow discharge was calculated using the water level difference between adjacent moments based on the water volume balance of the lake. The experimental setup were shown as Figure 2.
[image: Figure 2]FIGURE 2 | A sketch of the flume and its hydrological equipment.
2.3 Experimental parameter settings
The slope angles upstream and downstream were set at 30° and 20°, respectively; the width of the dam crest was W=30 cm; and the initial dam height was Hb=30 cm. We preset an initial triangular breach at one side of the dam. Both depth and width were 4 cm (Figure 3).
[image: Figure 3]FIGURE 3 | Size of the initial breach.
3 EXPERIMENTAL RESULTS
3.1 General features
The results show that the breaching characteristics of the dams in the tests were similar. The overtopping process in all the experiments had three identical phases. Taking T1 as an example for analyzing the breaching process of a landslide dam (Figure 4), the main characteristics of the three phases are explained as follows.
[image: Figure 4]FIGURE 4 | Images of dam and flow at different times for T-1, showing that overtopping erosion is the dominant factor for dam failure.
3.1.1 Phase I: slow development stage (0–140 s)
After the flow overtopped the initial breach, it began eroding the bottom and slope of the breach. We observed that the water moved down, carrying a small amount of sediment at the same time. Only small sediment particles were carried away because of the shallow water depth, slow velocity, and weak carrying capacity of the outflow water. Therefore, the sediment at the breach of the dam crest was dominated by the movement of the suspended load. When the flow was transported downstream, the flow velocity increased, and its erosion ability was enhanced, resulting in the formation of a narrow gully at the downstream slope. In addition, a small amount of sediment with a relatively large diameter was carried away and accumulates at the downstream slope, forming an obvious slope turning point. The breach slope collapsed intermittently on a small scale, and the breach shape at this stage was that of a rectangle, according to observations of Rozov (2003).
3.1.2 Phase II: rapid expansion stage (140–280 s)
As more sediment accumulated, the turning point developed upstream. When a certain amount of sediment had accumulated, it slid downward suddenly; then, the downstream slope became steep and the rate of outflow increased suddenly. Then, significant backward erosion occurred. With backward erosion at the upstream slope, the height of the upstream breach suddenly declined and the difference in height between the water surface and breach crest increased, leading to a sudden increase in outflow discharge. At this stage, more breach slopes lost their stability, and the scale of the unstable slope was larger than in Phase I. The average angle of the breach slope was less than 90°, and the shape of the breach was similar to that of a trapezoid. Among all the stages, the deepening and widening of the breach at this stage was the most rapid.
3.1.3 Phase III: rebalancing of the movement of water and sand (280–320 s)
After a rapid decrease in the water level in front of the dam, the outflow discharge gradually decreased and its carrying capacity gradually weakened. It then formed a coarse layer protecting the lower particles from being washed away. The motion of water and sand reached a new balance, indicating the end of the failure process. The frequency of breach slope slide occurrence was low, and the shape of the breach was that of a trapezoid.
3.2 Influence of inflow rate on discharge
The breach discharge hydrographs with different inflow rates are shown in Figure 5. This shows that when the flow was slow, the curve looks fat. As the flow increased, the rate of decline and growth rate increased, and the curve became thin. At the same time, the breaching time was shortened, and it reached the peak discharge earlier after the inflow rate increased. Under different inflow rate conditions, every 0.5 L/s, large differences in the breaching time and peak discharge arriving time were observed. The difference between 2.5 and 3 L/s reached a maximum, differing by 40 s in breach time and 45 s in peak discharge arrival time.
[image: Figure 5]FIGURE 5 | Breach discharge hydrographs for different inflow rates.
As shown in Figure 6, the peak discharge increased with increasing inflow discharge but does not follow a linear relationship. For example, when the inflow discharge increased from 1 to 2 L/s, the peak discharge increased by approximately 2 L/s; however, when the inflow discharge increased from 3 to 4 L/s, the peak discharge increased by approximately 5 L/s. For the seven inflow rates, the corresponding maximum peak discharge was nearly three times the minimum discharge.
[image: Figure 6]FIGURE 6 | Relationship between peak discharge and inflow rate.
3.3 Influence of inflow rate on breach depth and width
Figure 7 shows the longitudinal profiles of the dam with inflow rates of 1, 2, 3, and 4 L/s. Under different inflow rates, the failure process remained characterized by slowly overtopped flow, backward erosion, and rebalancing of sediment and water. However, the difference is that the breach time for each phase was shortened in accordance with the increase in the inflow rate. This means that the incision rate increased with increasing inflow rate. The breach depths increased most rapidly during the backward erosion process under these four conditions. When the inflow rate was low (e.g., 1 and 2 L/s), the bottom of the breach was tortuous, exhibiting a distinct slope break point. However, many breakpoints may occur at the bottom of the breach at the same time. When the inflow rate increased to 3 or 4 L/s, the sinuosity at the bottom of the breach decreased and the slope break point remains, but its number decreased at the same point.
[image: Figure 7]FIGURE 7 | Temporal breach development for inflow rates at different times: (A) inflow rate of 1 L/s, (B) inflow rate of 2 L/s, (C) inflow rate of 3 L/s, and (D) inflow rate of 4 L/s.
Figure 8 shows the relationships between breach width and depth under different inflow rate conditions. The whole curve can be divided into two parts. First, when the breach depth was less than a certain value (e.g., the breach depth is less than 22 cm for an inflow rate of 2 L/s), the curve was steeper, and the ratio of the width to depth increased with increasing inflow rate. Second, when the breach depth exceeded that value, the breach width tended to reach a certain value, although the depth increases. When the inflow rate was less (such as 1 and 2 L/s in this experiment), the curve was located below the straight line with a slope of K = 1, indicating that the breach widening rate is less than the breach incision rate throughout the whole failure process. Once the breach depth increased, it increased faster than the width. When the inflow rate increases (e.g., 2, 2.5, 3, 3.5, and 4 L/s), the curve was essentially above a straight line with a slope of K = 1. In this case, we deduced that the rate of breach widening was greater than that of breach incision widening. This suggests that breach widening increased with increasing inflow rate, as shown in Figures 7, 8. Simultaneously, with increasing inflow rate, the curve gradually approached a straight line after dam failure. The breach width and depth gradually increased at the same level as the inflow rate.
[image: Figure 8]FIGURE 8 | Relationship between breach width and depth for different inflow rates.
3.4 The relationship between breach depth and width
Based on the breach width and depth curves (Figure 9), the breach width and depth all fit the following equation:
[image: image]
[image: Figure 9]FIGURE 9 | Comparison of the experimental data with fitting curves: (A) Test T-1, [image: image]; (B) Test T-2, [image: image]; (C) Test T-3, [image: image]; (D) Test T-4, [image: image]; (E) Test T-5, [image: image]; (F) Test T-6, [image: image]; (G) Test T-7, [image: image]
W is the breach width (cm), D is the breach depth (cm), and ζ (cm), k, and D0 (cm) are parameters. ζ is the possible maximum breaching width. k is the shape parameter, which represents the steepness or deceleration of the curve, reflecting the width expansion rate of the breach. If the absolute value of k is larger, the breaching width expands faster; in contrast, the width expands more slowly. D0 is the corresponding depth of the breach when it reaches half of the maximum breaching width.
The influence of the inflow rate on parameters ζ, k, and D0 is shown in Figure 10. The value of ζ increases with qin, and D0 decreases with qin. The parameter k in Equation 1 controls the shape of the equation, which decreases with qin. The relationships between k and qin can be described by Equation 2.
[image: image]
[image: Figure 10]FIGURE 10 | Variation in the parameters in Equation 1 with inflow rates (A–C).
4 DISCUSSION
The dam models all started with initial breaches at one side of the dam. When the water overtopped, the breach on the dam side was eroded, and the other side of the breach close to the glass of the flume was not erodible. Thus, the location of the initial breach in the tests corresponded to a one-sided breach in the field. From another perspective, the dam set up in the tests could be considered half of the complete dam, symmetrical to the initial breach.
The landslide dam models established in the laboratory are much smaller than landslide dams in the field. However, the failure characteristics of landslide dams with different inflow rates are still valuable for real-world applications. Equations 1, 2 need more data for validation because landslide dams in the field have more complex dam structures than models in the laboratory.
The parameter k in Equation 1 reflects the shape of the curve. Based on the measured data from the Tangjiashan landslide dam (Chen et al., 2014), we analyzed the influence of the inflow rate on parameter k. In the analysis process, we kept ζ and D0 constant and used the regression Equation 2 to calculate k under different conditions. Figure 11 shows three orders of magnitude of inflow rates vs. breach width and depth. This indicates that the shapes of the curves are different; however, the difference in k is small for significantly different inflow rates. This means that the coefficient k could be taken as a constant value for different inflow rates as other conditions are the same when predicting the landslide dam breach size.
[image: Figure 11]FIGURE 11 | Breach width and depth curves for different inflow rates.
5 CONCLUSION
In this work, we studied in detail how the inflow rate affects the breaching characteristics of landslide dams. This research focused on the breaching process, breach hydrographs, and relationship between breach width and depth under different inflow rates.
The failure process for landslide dams is similar for different inflow rates. The process can be divided into three stages. Backward erosion plays a dominant role in the entire failure process.
Peak discharge increases with increasing inflow rate, while the breaching time decreases with increasing inflow rate. Breach width and depth both increase with increasing inflow rate. The breaching width-to-depth ratio also increases with increasing inflow rate. In addition, the ratio tends to be 1 after dam failure because of the increased inflow rate.
The breach width and depth follow the formula [image: image]. With increasing inflow rate, the coefficient ζ increases, and D 0 has the opposite trend. The coefficient k has an exponential relationship with the inflow rate.
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