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Abstract Affected by earthquakes and heavy rainfall, multiple landslide dams often 

cluster closely together along river reaches or gullies. Compared with a single 

landslide dam, the burst flood produced by the cascading failure of multiple landslide 

dams can be enhanced, seriously threatening life and property downstream. Here, we 

conduct a series of experiments in a 42 m flume to investigate the failure mechanisms 

of single and paired dams with fine-grained, well graded and coarse-grained debris, 

analyze the effects of dam geometry and initial water level of a downstream dam on 

the cascading breach, and quantitatively evaluate the amplification effect of cascading 

breach discharge. Single dams fail by overtopping along with seepage instability for a 

fine-grained dam, headcutting for a well graded dam and overtopping for a 

coarse-grained dam, respectively. The type of failure which occurs for a single dam is 

influenced by the shear strength of the dam material and seepage. However, the 

downstream dams in cascading tests fail by overtopping irrespective of dam material 

due to the large outburst floods from the upstream dams. A general flat slope angle is 

maintained during breaching for the fine-grained and coarse-grained dams, while a 

step-pool structure is developed for the well graded dams because the finer grains are 

easier to wash away than coarse grains. The peak breach discharge for a downstream 

dam is 1.4–1.9 times the value for an upstream dam in the experimental runs, 

indicating the amplification effect of breach discharge. The amplification effect has a 

negative linear correlation with the time interval between the peak breach discharges 

of the two dams because the overlap of breach processes of upstream and downstream 

dams is gradually reduced as the time interval increases. 
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1. Introduction 

Landslide dams are natural dams formed by river blockages with plenty of debris 

materials from landslides, avalanches, or debris flows (Costa and Shuster, 1988, 

Clague and Evans, 1994; Fan et al., 2012; Peng and Zhang, 2012; Shi et al., 2018; 

Shan et al., 2020; Gong et al., 2021). Landslide dams have frequently been triggered 

by earthquakes, extreme climate hazards and snowmelt (Korup, 2004; Korup, 2005; 

Takahashi, 2007; Strom, 2010; Dong et al., 2011; Shen et al., 2020). Multiple 

landslide dams are often closely distributed along river reaches or gullies: for instance, 

dozens of landslide dams clustered along river reaches induced by the 1999 Chi-Chi 

earthquake (Liao and Lee, 2000), the 2004 Chuetsu earthquake (Wang et al., 2007) 

and the 2008 Wenchuan earthquake (Fan et al., 2012). As many as eighteen landslide 

dams were formed by the 2009 Morakot typhoon in Taiwan (Chen and Chang, 2016). 

At least nineteen landslide dams in the Sanyanyu gully were destroyed by upland 

flash floods and developed into a catastrophic debris flow in Zhouqu (Cui et al., 

2013). 

Landslide dams present serious threats to life and property downstream from a 

potentially rapid release of the impounded water (Hancox et al., 2005; Davies et al., 

2007; Huang and Fan, 2013; Zheng et al., 2018). The outburst flood released by an 

upstream landslide dam can induce failures of downstream landslide dams one after 

another (Shi et al., 2015). Compared with a single landslide dam, the cascading failure 
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of multiple landslide dams is more complicated (Zhou et al., 2013). The cascading 

breach of landslide dams may result in a sharp increase in the peak outflow rate and 

thus a more serious disaster downstream. The hazard mitigation measure appropriate 

for a single landslide dam may not be adequate for multiple landslide dams. Therefore, 

a clear understanding of the failure mechanism and cascading outburst flood of 

multiple landslide dams is crucial before taking any effective mitigation measures. 

Many research studies have been conducted to investigate the physical 

mechanisms that govern the failure of single landslide dams (Coleman et al., 2002; 

Awal et al., 2008; Schmocker and Hager, 2009; Walder et al., 2015; Jiang et al., 2018; 

Zhou et al., 2019; Peng et al., 2021). Both laboratory experiments and field surveys 

show that dam failure usually originates from overtopping and headcutting which 

arises at the toe of the dam’s downstream face and progressively migrates upstream to 

the lake (Gregoretti et al., 2010). Landslide dams are usually made of a heterogeneous 

mass of unconsolidated or poorly consolidated material and thus may be subject to 

intense seepage flows (Shi et al., 2018). Several seepage erosion processes can also 

lead to dam failure: internal erosion, piping, and seepage instability (slide of a 

downstream dam slope). According to Takahashi (2007) and Chen et al. (2015), 

failure type is regulated by dam permeability and material strength. Overtopping is 

likely to occur with small permeability and high strength, while sudden slide collapse 

that is induced by internal instability is possibly associated with higher permeability 

and weaker strength. The effect of grain composition on the failure type has been 

explored only for a single landslide dam. Whether these research findings are 
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applicable to multiple landslide dams is still unknown. 

The research attention paid to the cascading failure of landslide dams has been 

relatively limited. Niu et al. (2012) claimed that the cascading peak discharges of the 

Xiaogangjian and Yibadao landslide dams were decreased by 20% by reducing the 

heights of both landslide dams. Nevertheless, it is not clear which mitigation measures 

should be applied to each of the landslide dams to reduce the peak discharge most 

effectively. Cao et al. (2011) and Zhou et al. (2013) compared the breach processes of 

single and multiple landslide dams and found that the magnitudes of the flows 

increased by 15%–60% after a cascading failure of landslide dams. Shi et al. (2015) 

analyzed the cascading breach of the Tangjiashan landslide dam and two other 

downstream dams with a physically-based breach model and observed that multi-peak 

floods were very likely to develop at the downstream landslide dam. However, the 

effects of grain composition and geometry of the landslide dams on the cascading 

failure and the amplification effect of breach discharge have not been explored. 

The structure of the paper is as follows. Firstly, the experimental flume setup, 

grain composition and experimental design are described. Then, we discern the types 

of failure that occur for single and paired dams and compare the breach processes of 

dams with different grain compositions. Additionally, the effects of grain composition, 

dam geometry and initial water level of downstream dams on the cascading failure are 

investigated. Finally, we discuss the differences between failure types for single and 

paired dams, the condition for the amplification effect of cascading breach discharge, 

the reasons for the occurrence of multiple peaks in the discharge hydrographs, and the 
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geometrical characteristics of the residual dams. 

2. Flume tests on landslide dams 

Two model dams were constructed in our experiments to reproduce the cascading 

breach process of landslide dams. According to field surveys, an upstream landslide 

dam with a larger lake volume can have a significant influence on a downstream 

landslide dam with a smaller lake volume, such as the Tangjiashan and Kuzuba dams 

(Shi et al., 2015) as well as the Xiaogangjian and Yibadao dams (Chen et al., 2018). 

Conversely, an upstream landslide dam with a smaller lake volume has a limited effect 

on a downstream landslide dam with a larger lake volume, as the latter has sufficient 

capacity to contain the outburst flood from the upstream dam. Therefore, a model dam 

with a larger height was located upstream of a model dam with a smaller height. 

2.1 Experimental setup 

All experiments were conducted in the flume system located at Tongji University 

(Figs. 1 and 2). The flume system consisted of a reservoir with a volume of 36 m3 (3 

m x 4 m x 3 m), a water flooding pump with a maximum inflow rate of 0.1 m3/s, a 

straight flume, and a dewatering pump with a maximum outflow rate of 0.1 m3/s. The 

flume had a length of 42 m, a width of 0.80 m and a height of 1.25 m. The bottom, 

front and rear of the flume were made of reinforced concrete. The flume sidewalls 

were made of transparent tempered glass, allowing the breach process of landslide 

dams to be observed. The flume bottom was horizontal, considering that the 

longitudinal gradient of Tangjiashan landslide dam during breaching was limited to 
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0.006 (Peng et al., 2014). A cluster of plastic floats was placed close to the point of 

inflow to eliminate the wave from the water flooding pump. The water at the 

downstream end of the flume was extracted by the dewatering pump and thus the 

water level in this region was kept close to zero. 

As shown in Fig. 1, two cameras (EOS550D, Canon, 5184 x 3456 pixel) were 

located at the side of the flume in order to record the water level and the breach 

processes of the upstream and downstream dams. Two video cameras (GZ-R10BAC, 

JVC, 1920 x 1080 pixel) with a sample frequency of 25 Hz were suspended above the 

upstream and downstream dams to record the overflow process of an outburst flood. 

In addition, another video camera of the same type was fixed in the flume to record 

the breach process of the downstream dam. 

The inflow rate for the upstream dam was held constant and the upstream water 

level was steadily changed. One camera combined with a steel tape was employed to 

accurately record the upstream water level and calculate the breach discharge by 

means of the continuity equation. For the downstream dam, the inflow rate was due to 

the outburst flood from the upstream dam so the water level may fluctuate. Three 

more video cameras (GZ-R10BAC, JVC, 1920 x 1080 pixel) in tandem with equally 

spaced steel tapes were used to record the water level impinging on the downstream 

dam. 
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Fig. 1. Schematic diagram of experimental apparatus. (a) Two model dams located in the 

experimental flume. (b) Longitudinal section of upstream model dam. (c) Longitudinal section of 

downstream model dam. 

 

Fig. 2. Experimental apparatus of two dams. (a) Experimental flume from the side. The tempered 

glass is reinforced by steel joists at intervals of approximately 1.15 m. (b) Upstream and 

downstream dams. 

2.2 Dam material 

The grain compositions of the model dams were based on those of the landslide 
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dams triggered by the Wenchuan earthquake. As shown in Fig. 3, three typical grading 

curves denoted as fine-grained, well graded, and coarse-grained were derived, 

corresponding to Donghekou, Tangjiashan and Xiaogangjian landslide dams, 

respectively (Chang and Zhang., 2010; Chang et al., 2011). The debris types were 

defined according to the dam materials and differed from the standard engineering 

classification of soils. The median grain sizes d50 of fine-grained and well graded 

debris were 2.7 mm and 3.7 mm, respectively, which were smaller than the value 

(20.7 mm) for the coarse-grained debris (Table 1). 

The dry densities ρd of the experimental dams in all the tests were 1780 kg/m3: 

similar to the drillhole data of natural landslide dams (Chang et al., 2011; Zhao et al., 

2013). The dam material was prepared by mixing gravel (up to 60 mm), silica sand 

and silt according to the required grain composition (Fig. S1). After calculation of the 

total mass of the model dam, the weights of the different fractions were then 

determined. Finally, the dam materials in different fractions were adequately mixed by 

repeated stirring. 

Geotechnical properties of dam materials were measured. From constant-head 

permeameter tests (Iverson et al., 2010), the saturated permeability coefficients k of 

the debris material at the same dry density as the experimental dam were measured 

(Table 1). The inner diameter of the permeameter was 300 mm to eliminate scale 

effects with coarse gravel. Coarse-grained debris had a larger permeability coefficient 

than fine-grained or well graded debris. Large-scale triaxial tests (GCTS, STX-600, 

300 mm x 600 mm) were conducted to obtain the shear strengths. The internal friction 
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angle φ of fine-grained material was smaller than those of coarse-grained and well 

graded materials. 

Table 1. Geotechnical properties of dam materials 

Dam material ρd (g/cm3)  d50 (mm) Cu Cc c (Pa) φ (°) k (10-4 m/s) 

Fine-grained 1.78 2.7 5.5 1.2 0 26.8 2.0 

Well graded 1.78 3.7 61.3 0.7 0 37.8 3.3 

Coarse-grained 1.78 20.7 28.7 2.5 0 43.1 248.0 

Note: ρd is the dry density of the model dam, d50 is the median grain size. Cu and Cc are the 

uniformity coefficient and curvature coefficient of the grading curve, respectively. c and φ are the 

cohesion and internal friction angle, respectively. k is the saturated permeability coefficient of dam 

material. 

 

Fig. 3. Grading curves of the experimental model dams. 

2.3 Experimental design 

The experiments were designed to discern the failure types of single and paired 

dams, compare the breach processes of dams with different grain compositions and 

investigate the influence of downstream dams on the amplification effect of cascading 
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breach discharge. The relevant parameters varied in the experiments were: dam 

material (fine-grained, well graded and coarse-grained), dam geometry (dam height, 

crest width) and initial level of impounded water between the upstream and 

downstream dams (Table 2). In total, three experiments with a single dam and six 

experiments with two dams were conducted. 

Table 2 Characteristics of the different experiments 

Test Upstream dam 
Downstream dam 

Dam material dh (m) dw (m) hw (m) 

S1 — F 0.4 0.3 0 

S2 — W 0.4 0.3 0 

S3 — C 0.4 0.3 0 

C1 F F 0.4 0.3 0 

C2 F W 0.4 0.3 0 

C3 F C 0.4 0.3 0 

C4 F F 0.3 0.3 0 

C5 F F 0.4 0.6 0 

C6 F F 0.4 0.3 0.25 

Note: F, C and W represent the fine-grained, coarse-grained and well graded dam materials, 

respectively. dh and dw are the dam height and crest width of the downstream dam (Fig. 1), 

respectively. hw is the initial level of impounded water between the upstream and downstream 

dams. 

The grain compositions of the downstream dams in tests C1–C3 varied to match 
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the corresponding single dam control tests S1–S3. The fine-grained dam in test S1 

tended to breach and generate a single-peak outburst flood, compared with the well 

graded dam in test S2 and coarse-grained dam in test S3. Therefore, the upstream dam 

was composed of fine-grained debris for all experiments containing two dams. For 

experiments in which dam geometry or initial water level was investigated (tests C4–

C6), fine-grained material was used in the downstream dam. 

The geometrical parameters of landslide dams vary widely (Zheng et al., 2021). 

To study the cascading breach process of landslide dams, this study did not select a 

specific dam as a prototype. The dams were modeled as trapezoidal prisms of length 

0.8 m to match the flume width. The upstream and downstream slopes of the dams 

were fixed at 30° for all tests, considering the slope of a natural landslide dam is in the 

range 11–45° (Zheng et al., 2021). The dam height of the upstream dam was 0.90 m 

(Fig. 1), considering that the height of the experimental flume was 1.25 m. The 

bottom width along the flume direction was 3.62 m and the crest width was 0.50 m 

because the ratio of bottom width to dam height of a natural landslide dam is larger 

than 3.5 (Zheng et al., 2021). For the downstream dam, the bottom width was 1.69 m, 

the crest width was 0.30 m, and the dam height was 0.40 m for tests S1–S3, C1–C3 

and C6. The dam height was reduced to 0.3 m (bottom width 1.34 m) for test C4 and 

the crest width was increased to 0.6 m (bottom width 1.99 m) for test C5. A 

rectangular slot with a depth and width of 0.05 m was located in the middle of each 

dam to simulate the artificial spillway that is often constructed in a landslide dam in 

an effort to reduce breach discharge. The inflow rate was determined to be 1.13 L/s 
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based on geometric scaling (nearly 1:100) and Froude scaling of the inflow rate (113 

m3/s) of the Tangjiashan landslide dam (Peng et al., 2014). 

The initial level of impounded water between the upstream and downstream 

dams was 0.25 m in test C6 only, while it was zero in all other tests. The distance 

between the upstream and downstream dams was 10.00 m for all of the tests (Fig. 1). 

The single dams were located in the same position as the downstream dams in the 

tests of cascading failure. 

2.4 Experimental procedure 

The experimental procedure contained five stages: 

(1) Experimental preparation. An outline and grids were drawn on the sidewall of 

the flume with a grease pencil, according to the shape of the predesigned dams in the 

upstream and downstream. 

(2) Dam construction. Dams were formed by depositing debris in layers of 10 cm 

thickness. Each layer was uniformly compacted by slightly tapping with a steel trowel 

to obtain the required dry density before adding the next layer. After a dam had been 

constructed, a rectangular slot was excavated on the surface of the dam crest. 

(3) Data record. Video and still cameras were installed in their specified positions. 

During each test, the images and videos collected by the cameras were auto-saved on 

a computer. 

(4) Water inpouring. The inflow rate was maintained at 1.13 L/s for all tests by 

means of an electromagnetic flowmeter. The dewatering pump operated at maximum 

power during the whole breach process to discharge the seepage water passing 
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through the single or downstream dam. If the landslide dam remained stable for more 

than 2 hours after the upstream water level reached its maximum, as in test S3, the 

inflow rate was doubled to 2.26 L/s to induce failure of the dam. 

(5) Data processing. The failure type for each dam was discerned from the 

recorded snapshots. The stage hydrographs of single and paired dams were calculated. 

The breach discharge qb was calculated from the upstream stage hydrograph of the 

dam. 

                        (1) 

where Al is the surface area of lake water and Ht is the upstream water level. qin is the 

inflow rate to the upstream reservoir of the dam. qs is the seepage discharge, 

calculated using Ht (Fig. S2). qb and qs of the upstream dam was regarded as qin of the 

downstream dam. 

The stage hydrograph of the downstream dam may fluctuate, as in test C6. It was 

measured in four positions and the water level Ht was the average value of all the 

measured water levels, 

                       (2) 

where Hti is the water level at each of the four measuring points. 

3. Failure types and breach processes of landslide dams 

In this section, the failure types of single fine-grained, well graded and 

coarse-grained dams (tests S1–S3) are first compared with downstream dams 

composed of the same dam material (tests C1–C3). Then, breach processes of 

t
l in b s
dHA q q q
dt

= - -

4

1
/ 4t tiH H=å
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downstream dams with different grain compositions (tests C1–C3) are analyzed. 

Finally, the peak breach discharges of single dams and downstream dams (tests S1–S3 

and C1–C3) are discussed. 

3.1 Failure types of landslide dams 

For the fine-grained dam in test S1, the water seeped through the dam body near 

the toe of the downstream face when the upstream water level Ht reached 5.2 cm. The 

debris at the dam toe was first carried away as the upstream water level Ht reached 11 

cm (Fig. 4a). The downstream dam slope under the seepage line was gradually eroded 

because the sum of the seepage stress and sliding stress generated by gravity was 

larger than the shear strength of fine-grained debris (Table 1). The downstream dam 

slope above the seepage line collapsed and this caused a near-vertical free face above 

the seepage line (Fig. 4a). The width of the dam crest decreased due to the seepage 

instability of the downstream slope face of the dam when the near-vertical free face 

reached the dam crest. This seepage played a major role in the stability of the 

downstream dam slope before overtopping. Subsequently, the water in the upstream 

reservoir overflowed through the slot and an overtopping failure was initiated. The 

breach rapidly broadened in both the stream flow and cross-stream directions because 

part of the dam crest had been eroded by the seepage instability. 

A similar free face developed on the downstream slope face of the downstream 

dam in test C1. However, this near-vertical free face did not reach the dam crest and 

the dam crest remained stable when the outburst flood of the upstream dam was 

released (Fig. 4b). Seepage was essentially irrelevant to the dam’s failure. The height 
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of the near-vertical free face was smaller than that of the single dam in test S1. This is 

because the downstream dam had a lower upstream water level (28 cm) and limited 

time to develop the near-vertical free face before breaching of the upstream dam. The 

upstream water level of the downstream dam rapidly increased and the dam crest was 

eroded by the turbulent flood after the upstream dam breached. The breaching floods 

of upstream and downstream dams were combined at the downstream dam site. The 

maximum water depth during the breach process was 45 cm, which was larger than 

the values for the single dam in test S1 (38 cm) and the dam height. The time from the 

beginning of overflow to the end of dam breaching (62 s) was shorter than the value 

for test S1 (128 s). The end of dam breaching was taken as the time when the dam was 

no longer eroded by the overflow. The overtopping failure of the downstream dam 

was induced by the outburst flood of the upstream dam. By contrast, the single dam 

with fine-grained debris (test S1) failed by overtopping along with seepage instability. 

The upstream dam composed of fine-grained debris in the cascading test C1 followed 

a similar failure process to test S1. 

 



16 
 

Fig. 4. Breach processes of dams with fine-grained debris material: (a) single dam (test S1) and (b) 

two dams (test C1). Single dams with fine-grained debris failed by overtopping along with 

seepage instability; a downstream dam with the same dam material failed by overtopping alone. 

As shown in Fig. 5, when water propagated through the slot of a single dam with 

well graded debris (test S2), headcutting was generated by exceeding the critical shear 

stress for incipient sediment movement on some part of the dam’s downstream face. 

This headcutting was not observed in test S1 because the fine-grained debris had a 

lower shear strength and hence a greater tendency to be carried away by the overflow 

compared with well graded debris (Table 1). A channelized flow then formed which, 

in turn, broadened the width and depth of the channel due to a large slope (30°). This 

positive feedback mechanism increased the channelized discharge, with a consequent 

removal of superficial debris grains and a progressive migration of the channel head 

toward the dam crest. Some coarse sediment was deposited near the toe of the 

downstream slope and the channel was gradually deflected. Finer grains were easier to 

wash away than coarse grains as a result of a large uniformity coefficient of grain 

composition, contributing to the formation of a step-pool structure (Wang et al., 2012). 

Side slope collapse occurred as the channel head reached the upstream face of the 

dam. The time from the beginning of overflow to the end of dam breaching (197 s) 

was longer than the value for test S1 due to the migration of the headcutting. The 

channel shape along the stream was similar to an hourglass and it was close to 

trapezoidal in the cross-stream direction. This breach process was consistent with the 

observations of the Tangjiashan landslide dam (Chang and Zhang, 2010). 
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For the downstream dam in test C2, fine grains under the seepage line were 

carried away by the seepage initially, which was similar to the observation in test S2. 

The toe of the downstream slope remained stable due to the low hydraulic gradient 

and high shear strength (Table 1). When the upstream dam began breaching, the 

upstream water depth of the downstream dam was 16 cm in test C2: smaller than the 

equivalent value for the downstream dam in test C1 (28 cm). This difference was due 

to a larger permeability coefficient of well graded debris causing more seepage 

through the downstream dam. The time from the beginning of overflow to the end of 

dam breaching (66 s) was shorter than the value for test S2. The dam crest was 

directly eroded by the overflow in test C2, while the dam crest remained stable during 

headcutting migration on the downstream slope of the dam in test S2. A step-pool 

structure was also generated by the overtopping flow from the upstream dam as for 

test S2. The step-pool structure was confined to the channel in test S2 but it occupied 

the whole flume width in test C2 due to the large outburst discharge of the upstream 

dam. This step-pool structure is consistent with the observations of the Tiger-leaping 

Gorge and Yujunmen landslide dams (Wang et al., 2009; Wang et al., 2012). The 

failure type of the downstream dam in test C2 was overtopping because of the large 

outburst flood from the upstream dam. By contrast, the single dam in test S2 failed by 

headcutting due to a small inflow rate. 
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Fig. 5. Breach processes of dams with well graded debris: (a) single dam (test S2) and (b) two 

dams (test C2). The single dam failed by headcutting. The downstream dam in the cascading test 

with well graded debris failed by overtopping. 

As shown in Fig. 6, the upstream water depth of a single dam in test S3 slowly 

increased because the material’s high seepage coefficient produced a high seepage 

flow through the dam (Table 1). After water flowed through the dam crest, fines on 

the downstream slope face were taken away and the dam remained stable for more 

than 2 hours. The outflow water gradually became transparent, indicating that few 

grains were being washed away. The channelizing and headcutting did not occur on 

the downstream slope due to the high shear strength of coarse grains. After the inflow 

rate was doubled, an overtopping failure developed because the shear stress exerted 

by the overflow was large enough to erode coarse grains. 

The water depth of the downstream dam in test C3 was 14 cm upon breaching of 

the upstream dam, which was smaller than the values for downstream dams composed 

of fine-grained or well graded debris (tests C1 or C2, respectively). Then the water 

depth rapidly increased and part of the downstream slope slid because abundant water 
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seeped out from the downstream slope surface (Fig. 6). The coarse grains tended to be 

eroded by the outburst flood from the upstream dam (peak flow rate reached ~60 L/s) 

and an overtopping failure was induced. The time from the beginning of overflow to 

the end of dam breaching (64 s) was almost the same as those for tests C1 and C2 

because debris grains of different sizes can be transported by the large outburst flood 

from an upstream dam. The downstream dam with coarse-grained debris failed by 

overtopping, which was consistent with the single dam in test S3. 

 

Fig. 6. Breach processes of dams with coarse-grained debris : (a) single dam (test S3) and (b) two 

dams (test C3). Both the single dam and the downstream dam in the cascading test with 

coarse-grained debris failed by overtopping. The single dam with coarse-grained debris remained 

stable when the inflow rate was 1.13 L/s; it failed by overtopping when the inflow rate was 

doubled (Fig. 6a2). 

3.2 Breach processes of landslide dams 

3.2.1 Comparison between the two dams 

Breach processes of downstream dams with different grain compositions differed, 
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even though all failed by overtopping. For fine-grained dams, the slope of the 

downstream side was 30°, although the slope toe failed due to the seepage. 

Subsequently, the downstream slope angle rapidly decreased because the dam material 

was transported downstream by the overtopping flow. Then a flat angle in the range 

14.4–16.2° was sustained during the breach (Figs. 7a and S3). This failure process is 

consistent with the theoretical model proposed by Powledge et al. (1989). 

A step-pool structure was first developed for well graded landslide dams because 

the finer grains on the downstream dam slope were easier to wash away than the 

coarser grains as a result of a large uniformity coefficient of grain composition (Figs. 

7b and S4). The step-pool structure migrated toward the dam crest and the height of 

the step gradually increased. After dam breaching, the fine debris grains on the surface 

of the residual dam were carried away by the overtopping flow leaving the coarser 

grains undisturbed, contributing to the formation of an armoring layer (Fig. S6). 

The downstream slope angle quickly decreased by the overflow for a 

downstream coarse-grained dam and this angle persisted during the breach (Figs. 7c 

and S5). This was similar to the failure process of the fine-grained dam in the 

downstream. The downstream slope angle ranged from 7.4–10.4° which was smaller 

than the value for the fine-grained dam in the downstream. The reason was that some 

of the coarse debris grains transported by the outburst flood were deposited close to 

the dam site. 
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Fig. 7. Breach processes of landslide dams downstream in tests C1–C3. (a), (b) and (c) denote 

fine-grained, well graded and coarse-grained dams, respectively. 

The durations of the breach processes were almost the same for tests C1–C3, 

although the breach processes differed depending on dam material. Briaud (2008) 

estimated the critical velocity for grain initiation of the debris materials presented here 

to be 0.6–1.3 m/s based on the mean grain diameter. The flow velocities of 

downstream dams during the breach processes were estimated to be 1.4–1.8 m/s based 

on the breach discharge and flow depth. The debris grains with different sizes tended 

to be carried away by the outburst flood from the upstream dam. 

3.2.2 Comparison between single and cascading dams 

The peak breach discharges of a single dam with different grain compositions 

(tests S1–S3) were less than 16 L/s (Fig. S7). The peak breach discharges of 

downstream dams (tests C1–C3) were more than 6 times those of the corresponding 

single dams due to the outburst floods from the upstream dams. The breach processes 
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of the upstream and downstream dams overlapped (Figs. 4–6) and the breach 

discharge of an upstream dam was a part of the breach discharge of a downstream 

dam. Moreover, the breach rate of a downstream dam was enhanced compared with a 

single dam which, in turn, fortified the breach discharge. 

Seepage through a downstream dam slope had a substantial effect on the breach 

process. As shown in Fig. 8, the seepage lines of single and downstream dams 

migrated from the dam base to the dam crest with the increase of upstream water 

depth. At the initial impounding stage, the seepage lines were basically parallel to 

each other with a gradient of 4–7° to the horizontal. Then the seepage lines of single 

dams slightly steepened as a result of the increase of water depth and decrease of 

infiltration length. By contrast, the gradients of seepage lines of downstream dams 

increased to 14–20°, due to a rapidly rising water level. Considering the seepage 

stress reduced the stability of a downstream dam slope and accelerated the breach 

process, a simplified calculation was made to evaluate the effect of seepage stress fs 

on the stability coefficient s of a downstream dam slope (Fig. S8). 

                         (3) 

where Fs is the sliding stress generated by gravity. Rs is the resistance stress 

                         (4) 

where σ is the effective normal stress. Fs is expressed as 

                         (5) 

where h is the slide thickness, g is gravitational acceleration and α is the slope angle. 

The seepage stress fs is expressed as 

s

s s

Rs
F f

=
+

tansR c= +s j

sins dF gh= r a
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                           (6) 

where i is the hydraulic gradient and ρw is the water density. For example, for a dam 

of well graded debris and a downstream slope angle α = 15° during the breach, the 

stability coefficient s decreases from 1.92 to 1.07 with i increasing from 0 to 0.36. 

 

Fig. 8. Evolution of seepage lines of tests S1–S3 and C1–C3. The seepage lines intersect in test S1 

due to the downstream slope instability of the dam with fine-grained debris. 

4. Amplification effect of cascading breach discharge of landslide dams 

4.1 Effects of grain composition on the cascading breach 

Discharge hydrographs of the upstream and downstream dams in tests C1–C3 are 

shown in Fig. 9. The breach discharge of each downstream dam rapidly increased and 

then gradually declined to match the discharge of the upstream dam. The 

amplification factor of the peak discharge Af is defined as 

                       (7) 

where qu and qd are the peak discharges of the upstream and downstream dams, 

s wf ghi= r

/f d uA q q=
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respectively. Af was larger than 1.6 for various grain compositions. The amplification 

effect of breach discharge occurred after the cascading breach of two dams, although 

the downstream dams had smaller dam volumes. 

 

Fig. 9. Discharge hydrographs of landslide dams. (a), (b) and (c) Discharge hydrographs of the 

upstream and downstream dams in tests C1, C2 and C3, respectively. (d) Amplification factor Af of 

the peak discharge for different grain compositions. 

For test C1, the peak breach discharge of the downstream dam was amplified to 

113 L/s, representing a 90% increase of the upstream peak breach discharge (Figs. 9a 

and 9d). The time tbo from the breach of the upstream dam to overflow of the 

downstream dam was only 26 s. This was due to a low permeability coefficient of the 

downstream dam causing a low seepage flow and a high water depth (28 cm). The 

large outflow flowed through the slot and dam crest of the downstream dam at the 
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same time (Fig. S3). As a result of the low shear strength of fine-grained material and 

seepage stress (Fig. 8), the downstream slope of the downstream dam was rapidly 

incised and a complete dam breach (i.e., when the width of the dam crest decreased to 

zero) developed within 5 s (Fig. 4). The time interval tint between peak breach 

discharges of the two dams was only 5 s, indicating that the overlapping effect of 

breach discharges of the fine-grained dams was considerable. 

For tests C2 and C3, the peak breach discharges were amplified to 110 L/s and  

98 L/s, respectively, representing increases of 70% and 61% on the corresponding 

upstream peak breach discharges (Figs. 9b–9d). Two peaks successively occurred in 

the discharge hydrograph for test C2 due to the step-pool structure. The first peak (31 

L/s) at 74 s was caused by the breach from the upstream dam; the second peak (110 

L/s) at 98 s was induced by the breach from the downstream dam. 

The amplification effects of cascading breach discharges of well graded and 

coarse-grained dams were relatively limited compared with the fine-grained dam. The 

tbo for tests C2 and C3 were 36 and 52 s, respectively, which were larger than the 

value in test C1. This is because the higher permeability coefficients of downstream 

dams in tests C2 and C3 compared to test C1 led to a larger seepage flow and a lower 

upstream water level. The breaches of downstream dams in tests C2 and C3 were 

delayed compared with test C1. Before the outburst flood flowed through the well 

graded and coarse-grained dams, the downstream slopes of both dams were slightly 

eroded due to their high shear strength. Approximately 15 s elapsed from the 

beginning of overflow to complete dam breach which was longer than for the 
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fine-grained dam (5 s). The tint between peak discharges of the two dams were 16 s 

and 20 s for well graded and coarse-grained debris, respectively: larger than for the 

fine-grained dam. When the peak breach discharge of the downstream dam occurred, 

the breach discharge of the upstream dam declined and the amplification effect of 

cascading breach discharge was reduced. 

4.2 Effects of dam geometry on the cascading breach 

Test C4 was the same as test C1 except the height of the downstream dam in test 

C4 was 0.3 m while it was 0.4 m in test C1. The peak discharge of the downstream 

dam in test C4 was amplified to 99 L/s: an increase of 46% on the upstream peak 

discharge. The peak discharge and amplification effect of the two dams in test C4 

were smaller than those of test C1. The reason is that the highest upstream water level 

of the downstream dam in test C4 was 39.5 cm and the maximum lake volume during 

the breach process was smaller than that of test C1. The cascading breach discharge 

produced by the downstream dam was relatively limited. In addition, due to a smaller 

dam height, the tbo was 24 s and the downstream dam had breached before the peak 

discharge of the upstream dam occurred. This is similar to the observations of the 

Tangjiashan and Xinjiecun landslide dams (Peng et al., 2014). The time interval tint 

between peak discharges of the two dams in test C4 was 22 s: considerably longer 

than for test C1 (5 s). Therefore, the two dams in test C4 had a smaller amplification 

effect than for test C1. 
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Fig. 10. Discharge hydrographs of the two dams in test C4. 

Test C5 was the same as test C1 except the crest width of the downstream dam in 

test C5 was 0.6 m while it was 0.3 m in test C1. The peak breach discharge was 

amplified to 96 L/s: an increase of more than 41% on the upstream peak breach 

discharge (Fig. 11). Two peaks successively occurred in the discharge hydrograph of 

the downstream dam. The first peak (96 L/s) at 82 s was generated because the 

downstream dam had been breached by the outburst flood. The second peak (86 L/s) 

at 102 s was preceded by the second peak of the upstream dam (at 92 s). The peak 

breach discharge and its amplification effect in test C5 were smaller than those of test 

C1. The reason is that due to a larger dam crest, the time from the beginning of 

overflow to complete dam breach in test C5 was prolonged and persisted for about 15 

s, while it was approximately 5 s for test C1. The tint of the two dams was 26 s: longer 

than for test C1. The breach processes of the two dams in test C5 were highly 

separated and the amplification effect of the cascading breach discharge was thus 

reduced. 
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Fig. 11. Discharge hydrographs of the two dams in test C5. Considering that the upstream dam had 

completely breached before the first peak (t = 56 s), the time interval between the peak discharges 

of the upstream and downstream dams was determined to be 26 s. 

4.3 Effects of water level on the cascading breach 

Test C6 was the same as test C1 except the initial level of impounded water 

between the upstream and downstream dams in test C6 was 0.25 m while it was zero 

in test C1. The peak breach discharge was amplified to 112 L/s: an increase of 

approximately 60% on the upstream breach discharge (Fig. 12). The tbo was only 11 s 

and the breach of downstream dam was advanced, compared with test C1. The 

combined initial water level and flood wave induced a surge wave (Fig. 13). After the 

surge wave passed through the dam crest, the downstream dam slope and dam crest 

were strongly eroded and partially collapsed as a result of the low shear strength of 

fine-grained material and high hydraulic gradient. The width of the dam crest was 

reduced by the surge wave and the breach process proceeded before the peak 

discharge of the upstream dam occurred. The tint of the two dams in test C6 was 21 s 

which was longer than for test C1. Therefore, the two dams in test C6 had a smaller 
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amplification effect than those for test C1. 

 

Fig. 12. Discharge hydrographs of the two dams in test C6. 

 

Fig. 13. Cascading breach process of fine-grained landslide dams with an initial impounded water 

level of 25 cm (test C6). T is the time elapsed when overtopping flow propagated through the 

guiding slot. 

4.4 Amplification effect of the cascading breach 

The breach processes of the two dams lasted from the breach of the upstream 

dam to overflow of the downstream dam and the breach of the downstream dam. 
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Considering the overlap of breach processes, the time interval tint between the peak 

discharges of the two dams was correlated with the amplification factor Af as shown in 

Fig. 14. The correlation between Af and tint was highly linear (determination 

coefficient R2=0.92) for various cases, 

                       (8) 

where a and b are the slope (-0.02) and intercept (2.05), respectively. As the time 

interval increased, the breach processes for the upstream and downstream dams 

gradually separated and thus the amplification effect was reduced. 

 
Fig. 14. Amplification factor Af against the time interval tint between peak discharges of the two 

dams in tests C1–C6. The amplification factor had a negative linear correlation with the time 

interval between the peak discharges of the two dams. R2 is the determination coefficient. 

5. Discussion 

5.1 Failure types of landslide dams 

Single dams fail by overtopping along with seepage instability for a fine-grained 

dam, headcutting for a well graded dam and overtopping for a coarse-grained dam, 

respectively, due to a slowly rising water level in these dams with large storage 

f intA at b= +
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capacities. The failure type is influenced by the seepage coefficient and shear strength 

of the dam material for a single dam in our experiments. However, downstream dams 

invariably fail by overtopping, irrespective of grain composition, due to the large 

outburst floods from the upstream dams. 

Experimental observations of Chen et al. (2015) indicate that single dams with 

high permeability coefficients fail by overtopping along with seepage instability. 

However, this failure type occurred for the single fine-grained dam with a low 

permeability coefficient in our experiments. The explanation is the permeability 

coefficients in the experiments of Chen et al. (2015) are limited to 2.3×10-5 cm/s, 

which is smaller than the value for fine-grained debris (Table 1) in our experiments. 

According to the model reported by Powledge et al. (1989), the downstream 

slope angle of a landslide dam rapidly changes until a constant critical soil friction 

angle is achieved during the breach process, after which the angle is maintained to the 

end of breaching. This model is consistent with the observations of the fine-grained 

and coarse-grained dams. However, the angle for the fine-grained dam is 14.4–16.2° 

which is lower than the critical soil friction angle of 26.8° based on the equilibrium of 

energy loss (Powledge et al., 1989). The reason for the difference may be that the 

effect of seepage on the downstream dam slope (Equations 3–6) is not considered in 

the model proposed by Powledge et al. (1989). In addition, the constant angle (7.4–

10.4°) for the coarse-grained dam is lower than the value of the critical soil friction 

angle (43.1°). Compared with the fine-grained dam, the debris grains in the 

coarse-grained dam are transported by the breach flood and are more likely to deposit 
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close to the dam site (Figs. S5 and S6). The downstream slope of the dam is thus 

reduced. 

5.2 Amplification effect of cascading landslide dams 

The experimental results show that the condition for the amplification effect of 

the cascading breach discharge of two dams is that the breach processes of the 

upstream and downstream dams overlap. For example, the peak breach discharge of 

the Xiaogangjian landslide dam, with a dam height of 30 m and a dam volume of 

2×106 m3, was 2251 m3/s (Chen et al., 2018). The peak discharges were amplified to 

2515 m3/s and 3329 m3/s after the breaching flood flowed through the Xiaogangjian 

and Yibadao landslide dams further downstream. However, if the breach processes of 

multiple landslide dams are completely separated, there may be very little measurable 

effect of amplification effects of cascading breaching (Shi et al., 2015). For example, 

Xinjiecun landslide dam, located downstream of the Kuzhuba dam, was completely 

destroyed by the breaching flood from the Tangjiashan landslide dam. The recorded 

peak breach discharge in Xinjiecun was just 6540 m3/s (Peng et al., 2014), which was 

slightly larger than the value for the Tangjiashan landslide dam (6500 m3/s). The 

reason is that the breach initiation for the Tangjiashan landslide dam lasted for 71 

hours and the Kuzhuba and Xinjiecun landslide dams had completely breached as a 

result of their small lake volumes before the arrival of the peak breach discharge from 

the Tangjiashan landslide dam. 

The cascading peak discharges in our experiments are larger than the sums of the 

peak discharges of upstream and single dams by comparing tests C1 and S1, tests C2 



33 
 

and S2, and tests C3 and S3. This is different from the prediction of Shi et al. (2015) 

that the maximum cascading peak discharge is equal to the sum of the peak discharges 

of upstream and single landslide dams when the time interval between peak breach 

discharges of two landslide dams is zero. The upstream water level of the downstream 

landslide dam rose quickly and applied a considerable seepage stress to the dam (Fig. 

8), contributing to rapid breaching of the downstream dam. In addition, the outflow 

from the upstream landslide dam has a flow velocity along the river channel and 

breach incision of the downstream landslide dam is enhanced due to a larger erosion 

stress. These physical processes are not considered in the DABA breach model (Shi et 

al., 2015). 

5.3 Multiple peaks and surge waves 

Multiple peaks in a discharge hydrograph may be generated by different factors. 

For test C2, the first peak with a smaller magnitude is caused by the breach discharge 

from the upstream dam (Fig. 9), while the second peak with a higher magnitude is 

induced by the cascading breach discharge from the downstream dam. Thus, the two 

peaks occur successively. Affected by the surge wave, two peaks of breach discharge 

are generated in test C6 (Fig. 13). Multiple peaks generated by upstream and 

downstream dams can be predicted by a physically-based breach model (Shi et al., 

2015). 

For a single dam in test S2, the discharge hydrograph also has multiple peaks 

(Fig. S7). The primary reason is that a step-pool structure is formed during the breach 

of a well graded dam. When the finer grains on the bottom of the breach are washed 
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away and the coarse grains are left behind, the outflow increases first and then 

decreases, resulting in a peak in the discharge hydrograph. When the coarser grains 

are scattered and pushed away, the overflow continues to incise the breach and later 

another peak discharge occurs. 

Commonly, a surge wave is formed when a landslide, avalanche or debris flow 

with a high flow velocity slides into a lake with a huge volume (Fritz et al., 2004; Xu 

et al., 2015). For example, a landslide of 300 million m3 rapidly slid into the Vaiont 

Reservoir in Italy in 1963, causing enormous surge run-up heights of approximately 

230–250 m at the opposite shore (Semenza and Ghirotti, 2000). A glacial avalanche 

with a volume of 6.5 million m3 rushed into a moraine lake in Nastetuku River, 

Canada, in 1983 and the moraine dam was completely breached in less than 5 hours 

under the impact of large surge waves (Risley et al., 2006). A surge wave was also 

developed in our experiments (test C6) when the breach discharge from the upstream 

dam rushed into the downstream river. The surge wave can reduce the dam height and 

accelerate the breach process of a downstream dam (Peng et al., 2019). 

5.4 Geometrical characteristics of residual dams 

Regardless of single or paired dams, the maximum residual dam height hr and 

slope θ along the flume increase with increasing shear strength of the debris materials 

(Figs. 15 and S6). hr of a single dam with fine-grained debris is 12 cm and the residual 

slope is nearly horizontal. These values are lower than the corresponding values for 

dams composed of well graded or coarse-grained debris. The reason is that as the 

proportion of fine grains increases, the dam material, especially in the upstream slope 
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of the dam, becomes more likely to be eroded by a breach flood contributing to a 

smaller residual slope. hr and θ of a single dam are smaller than those of a 

downstream dam in a cascading test for the same grain composition, although a single 

dam has a smaller peak breach discharge than paired dams. Dam material with 

different grain sizes is eroded away by the outburst flood because the flow velocity 

during the breach is higher than the estimated critical velocity for grain initiation 

(Briaud, 2008). The breach processes last 62–66 s for the downstream dams (Fig. 9) 

and are shorter than those (~100 s) of the single dams. Due to a longer breaching 

process, much more material from single dams was transported downstream than from 

downstream dams in a paired configuration. In addition, part of the lake volume was 

retained by the upstream residual dam with a height of nearly 0.45 m, thus reducing 

the volume of the breaching flood from the upstream dam to erode the downstream 

dam. 

 

Fig. 15. Residual dam height hr and slope θ (°) of single and paired dams. 

6. Conclusions 

We compared the breach processes of single and paired dams through a series of 

experiments by considering grain compositions and dam geometry. In particular, we 
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discerned the failure type and quantitatively evaluated the amplification effect of 

cascading breach discharge of two dams. 

(1) The type of failure of a single dam varies with grain composition and is 

influenced by the shear strength and seepage coefficient of the dam material. By 

contrast, downstream dams fail by overtopping, irrespective of grain composition. A 

general stable angle is maintained during the breach for the fine-grained and 

coarse-grained dams, while a step-pool structure is developed for the well graded 

dam. 

(2) The amplification effect of breach discharge occurred after the cascading 

breach of two dams due to the outburst flood of the upstream dam. Compared with 

coarse-grained and well graded dams, breach processes of the downstream dam with 

fine-grained material were highly overlapped with the upstream dam, resulting in a 

larger peak breach discharge and amplification effect. The amplification effect of 

cascading dams was reduced by a smaller dam height or a larger dam crest. The 

amplification effect linearly decreases with increasing time interval between peak 

breach discharges of the two dams for various cases. 

(3) Multiple peaks in a discharge hydrograph may be generated by cascading 

failure from upstream and downstream dams, the formation of a step-pool structure 

for well graded dams, or surge waves. 

(4) The residual dam heights and slopes along the flume of single and paired 

dams increase with increasing shear strength of the debris materials. Due to a longer 

breach process and a larger volume of breaching flood for a single dam, the residual 
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dam height and slope of a single dam are smaller than those of a downstream dam in a 

cascading test for the same grain composition. 

The experiments show that the breach process and discharge of multiple dams 

are different from those of a single dam, creating a great challenge to predict the 

outburst flood from multiple dams. These experimental results can provide calibration 

for numerical simulations of breach processes of single and paired dams. 
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Notation 

Af   amplification factor of the peak discharge 

Al     surface area of lake water 

C     cohesion of dam material 

Cc    curvature coefficient of the grading curve 

Cu    uniformity coefficient of the grading curve 

d50    median grain size of a dam material 

dh    height of a downstream dam 
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dw    crest width of a downstream dam 

fs      seepage stress 

Fs     sliding stress generated by gravity 

g     gravitational acceleration 

h     slide thickness 

hr  the maximum residual dam height 

Ht   upstream water level 

Hti   water level at each of the four measuring points 

hw    initial difference of impounded water level between the upstream and 

downstream dam 

i      hydraulic gradient 

k     saturated permeability coefficient of dam material 

qb     breach discharge of a dam 

qd     peak discharge of a downstream dam 

qin    inflow rate to the reservoir upstream of a dam 

qs     seepage discharge through a dam 

qu     peak discharge of an upstream dam 

Rs     resistance stress 

s      stability coefficient of a downstream dam slope 

tbo     time from the breach of an upstream dam to overflow of a downstream dam 

tint     time interval between peak breach discharges of the two dams 

α     angle of downstream dam slope 



39 
 

θ  slope angle of a residual dam 

ρd    dry density of a dam material 

ρw    water density 

σ      effective normal stress 

φ     internal friction angle of a dam material 
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Fig. S1. Experimental dam materials in various components 

  



4 
 

 

Fig. S2. Calculation of seepage discharge. qs = vA=vwHt/sin(α), where v is the seepage 

velocity, A is the area, w is the dam length (0.8 m), Ht is the water level and α is the 

slope of the dam. v = ki =kHt/Lt, where k is the permeability coefficient (Table 1) and 

Lt is the seepage path. 
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Fig. S3. Cascading breach process of a downstream fine-grained dam from side view 

(test C1). T is the time elapsed when overtopping flow propagated through the guiding 

slot. The definition of T is the same for the following Figs. S4 and S5. The water 

depth was smaller than the dam height at T = 0 because overflow migrated in the 

guiding slot with depth 5 cm. 
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Fig. S4. Cascading breach process of a downstream well graded dam from side view 

(test C2). 
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Fig. S5 Cascading breach process of a downstream coarse-grained dam from side 

view (test C3). 
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Fig. S6. Residual dams in tests S1–S3 and C1–C3 from side view. An armoring layer 

was formed on the surfaces of well graded landslide dams. 
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Fig. S7. Comparisons of the breach discharges between the single dams and 

downstream dams in the cascading tests. (a), (b) and (c), Comparisons of fine-grained, 

well graded and coarse-grained dams. The single landslide dam with coarse-grained 

debris did not fail at the inflow rate of 1.13 L/s and the peak breach discharge was 

equal to the inflow rate. 

  



10 
 

 

Fig. S8. Stability analysis of seepage stress on a dam downstream. h is the slide depth, 

α is the slope angle, Fs is the sliding stress generated by gravity, Rs is the resistance 

stress and fs is the seepage stress. The seepage stress is assumed to act in the direction 

of the downstream slope. The shear stress exerted by the breach flood is not 

considered for a simplified calculation. 


