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ABSTRACT： 11 

The sudden breach of a landslide dam seriously threatens the safety of people and 12 

property downstream. The failure mechanism of landslide dams is significantly 13 

affected by the grain size distribution of the dam material. In this study, a series of 14 

experiments are conducted to investigate the effects of grain composition on the 15 

stability, breach process, and breach parameters of landslide dams. The results show 16 

that dams remain stable with seepage for a coarse-dominated dam, fail by overtopping 17 

along with piping for a fines-dominated dam, and fail by overtopping alone for a 18 

balanced-composition dam. The failure mode is regulated by the composition of dam 19 

material, stress condition and hydraulic gradient. Backward erosion occurs for dams 20 

with fines contents less than 5% due to the movement of debris, during which the 21 

width:depth ratio of the cross section first decreases and then increases. By contrast, 22 

for dams with fines contents higher than 15%, headcutting occurs and a step-pool 23 

structure develops because the small grains are more easily washed away than the 24 

coarse grains. In this scenario, the width:depth ratio first increases and then decreases. 25 

Dam longevity nonlinearly increases with increasing fines content. The breach 26 

hydrography changes from a single peak to multiple peaks with increasing fines 27 

content, and the peak discharge is sensitive to the median diameter of dam material. In 28 

addition, the breach degree, defined as the ratio of the releasing potential energy (total 29 

potential energy minus the residual potential energy) to the total potential energy of 30 

the lake upstream of the landslide dam, is controlled by this median diameter. This 31 

study improves our understanding of failure mechanisms and aids the hazard 32 
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assessment of landslide dams. 33 

Key words: landslide dams; grain composition; failure mode; breach process; breach 34 

parameters 35 

  36 
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1 Introduction 37 

Landslide dams are usually formed by river blockages with massive amounts of 38 

material from avalanches, landslides, or debris flows triggered by rainstorms, rapid 39 

snowmelt, or earthquakes (Dong et al., 2009; Zheng et al., 2021a). Throughout history, 40 

breaches of landslide dams have caused catastrophic floods, posing great threats to 41 

lives and infrastructure downstream (Shen et al., 2020). For instance, the 2008 42 

Tangjiashan landslide dam breached with a peak outflow rate of 6,500 m3/s, 43 

threatening Mianyang city (85 km downstream) and more than 2.5 million people 44 

(Fan et al., 2012). Another example is the breach of the 2018 Baige landslide dam, 45 

causing a flash flood with a peak discharge of 33,900 m3/s, resulting in the 46 

homelessness of more than 25 thousand people (Zhang et al., 2019)  47 

Compared with man-made dams, landslide dams are composed of mixtures of 48 

clay, sand and rock with grain sizes ranging from microns to meters (Chang and 49 

Zhang, 2010; Ruan et al., 2021). Depending on the formation process, the grain 50 

compositions of landslide dams can differ significantly, which determines breach 51 

characteristics like peak discharge and breach time. For example, more than 70% of 52 

the debris comprising the Hsiaolin landslide dam was silt or sand with grain diameters 53 

less than 2 mm; this dam breached within 1 hour and had a peak discharge of 70,649 54 

m3/s (Li et al., 2011). By contrast, only about 15% of the grains comprising 55 

Xiaogangjian landslide dam had grain diameters less than 2 mm; this dam failed one 56 

month after formation with a peak discharge of 3,000 m3/s (Chen et al., 2018). This 57 

comparison shows the importance of studying the effect of grain composition on the 58 
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breach mechanism. 59 

Many research studies have been conducted to investigate the influence of the 60 

grain composition on the stability of landslide dams (Coleman et al., 2002; Morris et 61 

al., 2008; Zhu et al., 2020). According to statistical analysis, rock-type landslide dams 62 

usually maintain stability better than soil-type and debris-type dams (Zheng et al., 63 

2021b). Both field surveys and laboratory experiments show that landslide dams with 64 

different grain compositions can fail by piping, overtopping, or slope slide. According 65 

to Okeke and Wang (2016), and Wang et al. (2018), if the dam material has D15/D85 > 66 

5 and a high content of fines (d < 0.063 mm), it is usually easy to form a complete 67 

seepage path leading to piping failure. Chen et al. (2015) claims that the failure mode 68 

is controlled by the permeability and strength of the dam material. Overtopping 69 

failure is more likely to occur for dams with small permeability coefficients and high 70 

soil strength, while slope failure caused by internal instability is possible with large 71 

permeability coefficients and weak soil strength. The effects of grain composition on 72 

the failure mode have been analyzed only for a specified grain diameter; the effects of 73 

varying the proportions of silt, sand, and gravel, for example, still have not been 74 

explored. 75 

Analyses of the breach processes of landslide dams demonstrate that overtopping 76 

processes can be divided into surface erosion, backward erosion, and water-material 77 

rebalance based on longitudinal section evolution (Zhou et al., 2019; Zhong et al., 78 

2021). The downstream dam slope is gentle when the dam material contains few fines, 79 

while the downstream dam slope is steep and “V”-shaped when the dam material 80 
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contains a large proportion of fines (Yang et al., 2015). A breach develops faster with 81 

increasing median diameter, although the presence of large grains in the dam material 82 

slows down breach development (Ermini and Casagli, 2003; Schmocker et al., 2014). 83 

The breach width enlarges as debris from the sides of the breach drops into the breach 84 

channel and is carried away (Rozov, 2003). The shape of the breach channel changes 85 

from trumpet-shaped to dumbbell-shaped during dam breaching, and the enlargement 86 

rate of breach width depends on the erosion rate of dam material at the breach sides 87 

(Zhang et al., 2021). The erosion rate increases faster in the vertical direction than in 88 

the lateral direction as fines are added (Jiang et al., 2018). Although the effects of dam 89 

material on the breach process have been explored from a qualitative perspective, the 90 

correlation between breach development and grain composition has not been studied 91 

in detail.  92 

The commonly studied breach parameters of landslide dams are the breach 93 

discharge, breach duration, and residual dam height. Yang et al. (2015) proposes that 94 

the peak discharge increases with decreasing median diameter but increasing fines 95 

content, while the breach duration increases with increasing median diameter but 96 

decreasing fines content. Mei et al. (2021) reveals that the grain size distribution 97 

controls the residual dam height after a dam breaches. Jiang (2018) and Zhao et al. 98 

(2019) claim that a residual dam height exists for most landslide dams with large 99 

boulders or unjointed rock masses towards its base. Jiang and Wei (2019) observes 100 

that the residual dam height decreases with the increase of initial soil moisture. Zhong 101 

et al. (2020) analyzes the grain composition and residual dam height after the breach 102 
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of a specific landslide dam. Despite these prior studies, the effects of grain 103 

composition on the breach parameters, especially a reasonable parameter to represent 104 

the residual dam, need to be further studied.  105 

A series of experiments under controlled conditions are conducted to analyze the 106 

effects of grain composition on the stability, breach process, and breach parameters of 107 

landslide dams. The structure of this study is as follows. First, experimental flume 108 

setup, grain composition, and experimental design are described. Then, the 109 

observations of stability and breach processes of dams are presented. Based on these 110 

observations, the effects of grain composition on breach parameters, including peak 111 

discharge, breach duration, and breach degree are investigated. Finally, the stability 112 

evaluation of dams, the erodibility of dam materials with different grain compositions, 113 

and the comparison of tested dams and landslide dams in the field are discussed.  114 

2 Materials and methods 115 

2.1 Experimental setup 116 

The experiments were conducted in a rectangular flume system located at Tongji 117 

University. The flume system consisted of a water injection pump, water tank, flume, 118 

and collection pool (Fig. 1). The water injection pump combined with an 119 

electromagnetic flowmeter was installed upstream of the water tank to provide the 120 

required inflow rate. The water tank, with a length of 0.42 m, a width of 0.68 m, and a 121 

height of 0.48 m, was used to provide a smooth entrance flow into the flume. The 122 

flume had a length of 5.0 m, a width of 0.4 m, and a height of 0.4 m. The sidewalls of 123 

the flume were made of organic tempered glass so that the breach processes of model 124 
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dams could be observed. The flume bottom was horizontal because the longitudinal 125 

gradients of dams in the field are generally small, e.g., 0.006 for Tangjiashan landslide 126 

dam (Peng et al., 2014). The water at the downstream end of the flume flowed freely 127 

into the collection pool and thus the water level downstream of the dam was kept at 128 

nearly zero. 129 

 130 

Fig. 1. Schematic diagram of experimental apparatus: (a) A sketch of the experiment setup; (b), (c) 131 

Photographs of the experimental flume.  132 

Four video cameras (GZ-R10BAC, JVC, 1920 x 1080 pixel) with a sampling 133 

frequency of 25 Hz were used to record the breach processes of dams from four 134 

directions (Fig. 1(a)). Camera 1 combined with a 40 cm steel tape was placed 135 

upstream of a dam to record the change of water level, allowing the breach discharge 136 

to be calculated using the continuity equation. Camera 2 was located at the side of the 137 

flume to collect the breach depths during the failures of dams. Camera 3 and a steel 138 

tape were suspended above a dam to record and measure the breach width, and 139 

camera 4 was placed downstream of a dam to record the development of the breach 140 

channel.  141 
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2.2 Experimental materials 142 

Eleven grading curves were chosen for the dam materials based on 42 landslide dams 143 

in the Northern Apennines (Casagli et al., 2003). As shown in Fig. 2, each grading 144 

curve had different contents of silt, sand, and gravel. The grain sizes of the silt, sand 145 

and gravel particles were classified same as Zhou et al. (2019). The grain composition 146 

was divided into three typical types denoted as coarse-dominated, fines-dominated, 147 

and balanced-composition according to the silt and gravel content. The 148 

coarse-dominated debris contained more than 80% gravel, while the fines-dominated 149 

debris was defined as having more than 45% silt. The balanced-composition debris 150 

had silt and gravel contents that vary between the coarse-dominated and 151 

fines-dominated debris. The classification was different from the standard engineering 152 

classification of soils. The median grain sizes d50 of fines-dominated debris were 153 

0.05–0.07 mm, which were smaller than the values for the balanced-composition 154 

debris (0.87–8.82 mm) and coarse-dominated debris (8.77–13.26 mm) (Table 1). The 155 

particles with sizes below 0.075 mm were deemed to be fine particles, and the 156 

particles larger than 0.25 mm were deemed to be coarse particles (Tian et al., 2020). 157 

The fines content p (d < 0.075 mm) for the eleven grain compositions ranged from 158 

1.02% to 55.86%. 159 

Each dam material was prepared by mixing silt, silica sand, and gravel according 160 

to the required grain composition (Fig. S1). The geotechnical properties of each dam 161 

material were measured (Table 1). The maximum dry density ρdmax of a dam material, 162 

used to calculate the weight of dam debris under a controlled degree of compaction, 163 
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was obtained from the proctor compaction test (Ministry of Construction of the 164 

People's Republic of China, 2001). The values of ρdmax of the dam materials ranged 165 

from 1980 kg/m3 to 2410 kg/m3. The angle of repose φ, which reflected the rolling 166 

and sliding friction of a dam material, was measured using rectangular container tests 167 

(Zhou et al., 2002). Each dam material was tested five times to obtain an average φ 168 

value. The values of φ of the fines-dominated debris were smaller than those of the 169 

balanced-composition debris and coarse-dominated debris. The saturated permeability 170 

coefficients k of the dam materials were obtained according to Darcy's law.  171 

 172 

Fig. 2. Grading curves of the debris materials used in the model dams. Note: the gray area is the 173 

grain composition of 42 landslide dams in the Northern Apennines reported by Casagli et al. 174 

(2003). 175 

Table 1. Summary of geotechnical properties of dams 176 

Dam Test ρdmax d50 Silt Sand  Gravel p (%) Cu Cc φ e k (10-4 
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material (kg/m3)  (mm) (%) (%) (%) (°) m/s) 

Coarse-domi

nated 

C1 2400 13.11 3.79 8.06 88.15 4.17 18.40 3.03 44.3 0.57 188 

C2 2370 8.77 5.26 11.60 83.14 5.95 19.87 2.98 39.8 0.59 124 

C3 2250 13.26 0 11.78 88.22 1.13 11.63 2.18 39.0 0.67 248 

Fines-domin

ated 

F1 2120 0.07 47.36 36.90 15.74 50.82 120.73 0.36 19.0 0.82 0.81* 

F2 2200 0.05 53.45 10.59 35.96 55.86 116.78 0.12 19.8 0.71 0.28* 

Balanced-co

mposition 

B1 2410 8.82 0 23.45 76.55 4.56 57.11 4.53 38.3 0.56 135 

B2 2360 3.95 0 36.95 63.05 1.02 26.95 1.13 35.0 0.59 7.22 

B3 2200 2.08 0 49.32 50.68 2.59 26.78 0.80 36.8 0.71 6.61 

B4 1980 0.87 0 100 0 2.68 4.50 1.72 31.3 0.90 1.77 

B5 2350 4.77 15.96 22.21 61.83 17.90 474.49 5.43 25.0 0.60 1.02 

B6 2270 3.89 13.09 26.30 60.61 15.53 146.96 2.64 21.8 0.66 1.25 

Note: ρdmax is the maximum dry density of the dam material. d50 is the median diameter. p is the 177 

fines content (d < 0.075 mm). Cu and Cc are the uniformity coefficient and curvature coefficient of 178 

the grading curve, respectively. φ is the angle of repose. e is the void ratio. k is the saturated 179 

permeability coefficient of dam material. * The value was calculated by 𝑘 = 𝐾 !!"
#

, where 𝐾 =180 

𝑑502 $
𝑒

1+𝑒
%
3
/180(1 −

𝑒

1+𝑒
)
2(Goren et al., 2010), ρw is the density of water (1000 kg/m3), g is the 181 

gravitational acceleration (9.8 m/s2), µ is the dynamic viscosity of water (1 x 10-3 Pa·s). 182 

2.3 Experimental design 183 

The experiments were designed to explore the effects of grain composition on the 184 

stability, breach process, and breach parameters of dams. The dam geometry, e.g., 185 

dam height, crest width, and breach channel size, and the inflow rate were kept 186 
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constant in the experiments. In total, eleven experiments with different dam materials 187 

were conducted.  188 

The geometrical parameters of landslide dams vary significantly. Thus, this study 189 

did not select a specific dam as a prototype. As shown in Fig. 3, each dam was 190 

modeled as a trapezoidal prism with a crest width Wt of 12 cm, a bottom width Wd of 191 

108 cm, a height Hd of 24 cm, and a transverse length of 40 cm. The upstream and 192 

downstream slopes of the dams were fixed at 26.6° because the slopes of natural 193 

landslide dams are in the range 11–45° (Zheng et al., 2021b). The dam shape 194 

coefficient (Vd1/3/Hd), the ratio of dam height to dam bottom width (Hd/Wd), and the 195 

lake shape coefficient (Vl1/3/Hd) were 1.61, 0.22, 2.56, respectively, where Vd and Vl 196 

are dam volume and lake volume. These dimensionless numbers were within the 197 

ranges for natural landslide dams reported by Zhou et al. (2019), indicating the model 198 

satisfies scaling laws. A triangular initial breach was excavated at the side of each 199 

dam to ensure that the overflow started at the same position for each experiment. The 200 

initial breach was 4 cm in depth and 5 cm in top width. Throughout each experiment, 201 

the inflow rate remained constant at 1 L/s. The hydrodynamic coefficient 202 

((QinTr)1/3/Hd) was 0.42, where Qin is the inflow rate and Tr = 1 s. The value was in the 203 

range for natural landslide dams determined by Li et al. (2021), indicating the inflow 204 

rate of the model dam satisfies scaling laws (Fig. S2). 205 
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 206 

Fig. 3. Layout of dam model. 207 

2.4 Experimental procedure 208 

The detailed experimental procedure is listed as follows.  209 

(1) Flume preparation. Transparent grid paper (1 cm x 1 cm) was pasted on the 210 

sidewalls, and the contours of the dam were drawn in the preset shape with an oil 211 

pencil. 212 

(2) Dam material preparation. After obtaining the maximum dry density by 213 

compaction test, the total mass of the dam was calculated based on the controlled 214 

degree of compaction of 70%. Weights of each fraction were then determined. 215 

Different components of the dam material were adequately mixed through repeated 216 

stirring. 217 

(3) Dam construction. To provide enough backwater area, the model dam was 218 

built 2 m away from the water tank (Fig. 1). The dam was constructed in 4 layers, 219 

each layer with a thickness of 6 cm. Each layer was uniformly compacted by a 220 

wooden board. After the dam was constructed, a triangular notch (wb x hb = 5 cm x 4 221 
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cm) was excavated on the dam crest, adjacent to a side wall.  222 

(4) Experimental process. Four cameras were installed as aforementioned to 223 

record the whole experiment. The inflow rate was controlled at 1 L/s by an 224 

electromagnetic flowmeter. The experiment stopped after the dam breached or 225 

remained stable for 3 hours. 226 

(5) Data processing. The stability of each dam was obtained from the recorded 227 

snapshots. The outflow discharge Qout was calculated from the water level upstream 228 

of the dam: 229 

                        (1) 230 

where Qin is the inflow rate, V(t+∆t), V(t) are the volumes of the reservoir after the 231 

dam overtopped at time t+∆t, and at time t. 232 

At time t, the volume of the reservoir is calculated according to the geometric 233 

relationship  234 

          (2) 235 

where Wl and Ww are the length and width of the water tank, Hw(t) is the water level 236 

upstream of the dam at time t, Lu is the distance from the upstream dam site to the 237 

water tank, β is the upstream slope angle of the dam, Wf is the width of the flume. 238 

3 Experimental results 239 

In this section, the stability of coarse-dominated (C1–C3), fines-dominated (F1 and 240 

F2), and balanced-composition (B1–B6) dams are analyzed. Then overtopping 241 

processes of dams with different grain compositions are studied (B1–B6). Finally, the 242 

effects of grain composition on breach parameters of the dams (F1, F2, B1–B6) are 243 

out in
( ) ( )V t t V tQ Q

t
+ D -

= -
D

l w w w u w f
1( ) ( ) ( ) [2 ( )cot( )]
2

V t W W H t H t L H t Wb= ´ ´ + ´ + ´
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investigated. 244 

3.1 Effects of grain composition on dam stability 245 

3.1.1 Stable dams 246 

The dams with coarse-dominated debris (C1–C3) remained stable throughout the 247 

experiments. Taking test C1 as an example, the water level upstream rose slowly and 248 

a seepage path was formed due to the high permeability of the dam material (Table 1). 249 

The water began to seep near the toe of the downstream face of the dam when the 250 

upstream water level Hw reached 5.8 cm. Some small grains with diameters less than 251 

0.5 mm migrated from the seepage path as individual grains (Figs. 4(a), (b)). At this 252 

time, the seepage rate was smaller than the rate of inflow, resulting in the continuous 253 

rise of the water level upstream and the increase of seepage line gradient (Figs. 4(c), 254 

(d)). After water entered the breach channel and formed an overflow, small grains on 255 

the downstream slope face were taken away but the dam remained stable (Fig. 4(e)). 256 

The upstream water level remained at 22.1 cm when the inflow and outflow reached 257 

an equilibrium. The outflow water gradually became transparent (Fig. 4(f)).  258 

 259 

Fig. 4. Stability of the coarse-dominated dam in test C1. 260 

For coarse-dominated debris, the gravel content was more than four times that of 261 
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silt and sand, indicating that the dam material was mainly composed of gravel grains 262 

in contact with each other. The sand and silt partially filled the pores between gravel 263 

grains (Fig. S3). According to Shire et al. (2014), the fines sat loose and understressed 264 

within the voids when p < 24%, and they were unconnected to the stress transfer 265 

matrix. Therefore, the fines migrated through the seepage path easily, and their loss 266 

did not reduce the stability of the dam.  267 

Considering grains on the downstream slope were subjected to both seepage and 268 

overtopping flows, this may cause their incipient motion. Assuming the dam body had 269 

a uniform void ratio and grains were spheres, five forces act on a grain: the drag force 270 

Fd, the uplift force Fl, submerged weight force Fw, the seepage force Fp, and 271 

resistance force due to friction Fr (Fig. 5) (Lu et al., 2012). 272 

                          (3) 273 

where CD is the drag coefficient, ρw is the density of water, ub is the flow velocity 274 

acting on the grain, d is the equivalent diameter of the grain.  275 

                           (4) 276 

where CL is the lift coefficient. 277 

                        (5) 278 

where ρs is the density of the grain (2650 kg/m3), g is the gravitational acceleration. 279 

                         (6) 280 

where i is the hydraulic gradient for seepage. The resistance force Fr opposing motion, 281 

arising from friction, depends on Fw, Fl, and Fp: 282 

                (7) 283 

2 2
d D w b8
F C u dp r=

2 2
l L w b8
F C u dp r=

( ) 3
w s w6
F gdp r r= -

3
p w (1 )
6

F gid ep r= +

r w l pcos sin( )F F F Fz b b aé ù= - - -ë û
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where ζ = tan φ is the static friction coefficient. In the grain threshold condition, the 284 

force components of Fd, Fw, and Fp should be equal to Fr. Therefore,  285 

                    (8) 286 

Based on Eqs. (3)–(8), the maximum diameter dm of a grain that is moved by the 287 

seepage flow and overtopping flow is expressed as 288 

(9) 289 

where α is the angle between the seepage force and the horizontal, and β is the angle 290 

of the downstream slope of the dam. 291 

For the dam in test C1, with ub = 0.13 m/s, ρs = 2650 kg/m3, β = 26.6°, CD = 0.4, 292 

CL = 0.04, and maximum α = 6.65°, dm = 1.22 mm based on Equation 9. This value is 293 

smaller than the grain diameter of fine gravel and close to the observed particle size. 294 

The grains with diameters less than 1.22 mm account for only 10.1% of the dam 295 

material. This further indicates that the loss of grains does not lead to the instability of 296 

the dam due to the weak transport induced by seepage and overtopping. 297 

 298 

Fig. 5. Forces acting on grains lying on the downstream slope. 299 

d P w rcos( ) sinF F F Fb a b+ - + =

[ ]

2
b D L

m
s

w

( tan )0.75
( 1)(cos tan sin ) (1 ) sin( ) tan cos( )

u C Cd
g i e

j
r b j b b a j b a
r

+
=

- - - + - + -
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3.1.2 Dams failed due to overtopping along with piping 300 

Fines-dominated debris dams in tests F1 and F2 failed due to overtopping along with 301 

piping. Taking test F1 as an example, the seepage line developed slowly due to the 302 

low permeability caused by the large amount of silt (Fig. 6(a)). After water 303 

propagated through the dam's breach channel, a scour pit, which was determined by 304 

the outflow condition and dam material, occurred near the toe of the dam downstream 305 

(Zhong et al., 2021) (Fig. 6(b)). The Reynolds number of outflow water changed from 306 

990 to 28277 after overtopping, indicating that the outflow in test F1 changed from 307 

laminar flow to turbulent flow. An irregular seepage path of length 4 cm formed at a 308 

height of 10 cm on the upstream slope when Hw = 23.5 cm. Headcutting occurred and 309 

the downstream slope angle increased continuously due to the strong erosion caused 310 

by the vortexes in the scour pit, while the dam height was almost unchanged (Fig. S4). 311 

This feedback mechanism reduced the seepage length and effective stress of the soil 312 

while maintaining a high seepage force, thus promoting the formation of piping (Fig. 313 

6(c)). A complete pipe channel then formed (Fig. 6(d)). Some small grains, including 314 

silt, sand, and fine gravel, were detached and transported through the pipe channel 315 

which, in turn, broadened the diameter of the channel (Figs. 6(d) and (e)). The 316 

upstream water level dropped rapidly through the large pipe channel and then the 317 

overtopping stopped. The dam material above the pipe roof collapsed as the weight of 318 

overlying debris could not be supported. The blockage was washed away by 319 

overtopping water, resulting in the further reduction of dam height (Fig. 6(f)). The 320 

upstream water level of the dam eventually remained stable at 2.5 cm due to the 321 
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formation of an armoring layer. 322 

 323 

Fig. 6. Failure process of the fines-dominated dam in test F1. 324 

The silt content of the fines-dominated debris was more than 45%, and the fines 325 

content p was more than 50%. This indicates that most contacts in the dam were 326 

between fines, and the coarse grains were enveloped by fines (Vallejo and Mawby, 327 

2000) (Fig. S3). In addition, the grading curves of fines-dominated debris were 328 

deficient in a certain grain size (Table 1, Fig. 2). According to Kenney and Lau (1985), 329 

if the mass fraction between grain sizes d and 4d is small, the grains of size d can pass 330 

through the skeleton formed by grains of size 4d and larger, and thus piping can 331 

readily occur. With d = 0.075 mm, the percentages of grains between 0.075 mm and 332 

0.3 mm in tests F1 and F2 were 3.92% and 2.91%, respectively: a small mass fraction 333 

which is conducive to the loss of fines. It also indicated that the voids in the dam 334 

material were not overfilled, many fines carried only weak contact forces, and thus 335 

could be removed by hydraulic gradients (Shire et al., 2014). These results indicated 336 

that more than 50% of grains can pass through the dam skeletons, so it was easy to 337 

form piping channels in these two dams. 338 

Internal instability only occurs when the hydraulic gradient exceeds a critical 339 
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threshold. The critical hydraulic gradient ic is expressed as (Terzaghi, 1929)  340 

                         (10) 341 

For the dam in test F1, with ρs = 2650 kg/m3, ic = 0.91. The maximum hydraulic 342 

gradient reached 0.98 at Hw = 23.5 cm: much larger than the critical hydraulic 343 

gradient, and thus internal instability occurred in the dam. 344 

3.1.3 Dams failed due to overtopping alone 345 

The dams with balanced-composition debris (B1–B6) breached by overtopping. 346 

Taking test B1 as an example, water seeped through the toe of the downstream dam 347 

with Hw = 9.1 cm (Fig. 7(a)), which was larger than the corresponding value for the 348 

dam in test C1 (5.8 cm). Backward erosion occurred when Hw = 23.4 cm. Both slide 349 

and collapse intermittently occurred along the breach channel, but the volume was 350 

relatively limited (Figs. 7(b), (c)). Some coarse grains were rolled under the water 351 

flow and deposited near the toe of the downstream slope (Fig. 7(d)). The dam height 352 

decreased and lateral collapse occurred when the erosion reached the upstream face of 353 

the dam, which promoted the deepening and widening of the breach channel (Fig. 354 

7(e)). During the breach, the Reynolds number of outflow water changed from 495 to 355 

91320 in test B1. The breach channel in the cross section was nearly trapezoidal, and 356 

it was similar to an hourglass along the longitudinal section. An armoring layer was 357 

formed on the bottom of the breach to resist further erosion, before the inflow rate and 358 

outflow rate reached equilibrium (Fig. 7(f)).  359 
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 360 

Fig. 7. Failure process of the balanced-composition dam in test B1. 361 

For the balanced-composition debris, the contents of silt, sand, and gravel varied 362 

between the coarse-dominated and fines-dominated debris (Fig. S3). Except for the 363 

dam in test B4 composed of sand only, the contents of silt and sand in tests B1–B3, 364 

B5, and B6 accounted for 0–15.96% and 22.21–49.32%, respectively, and the gravel 365 

content accounted for 50.68–76.55%. The seepage rate in test B1 (0.36 L/s) was 366 

smaller than the value in test C1 (0.75 L/s). Based on Eq. (9), the maximum diameter 367 

dm of a grain that is taken away by the seepage flow and overtopping flow is 20.8 mm. 368 

This means more than 80% of the dam material was washed away if the flow velocity 369 

remained at the maximum value. This was why overtopping failure occurred for the 370 

balanced-composition dams but not for the coarse-dominated dams. The critical 371 

hydraulic gradient ic in test B1 was 1.06: much larger than the maximum hydraulic 372 

gradient (0.36) that was achieved during the test. Thus, piping did not occur for the 373 

balanced-composition dams but only for the fines-dominated dams. 374 

3.2 Overtopping process for balanced-composition dams 375 

3.2.1 Longitudinal section evolution 376 

The breach processes of balanced-composition dams varied with fines content, even 377 
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though all failed by overtopping. The dams in tests B1–B4 with fines contents less 378 

than 5% breached through continuous backward erosion, layer by layer (Figs. 7, 8(a) 379 

and S5–S7). This backward erosion was due to exceeding the critical shear stress for 380 

incipient sediment movement on the downstream slope face after overtopping. Some 381 

coarse grains were deposited near the toe of each dam downstream. Subsequently, the 382 

dam height decreased as the backward erosion migrated to the upstream slope face. 383 

The downstream slope angle continuously reduced from 26.6° to 2.4–14.3° until the 384 

end of the breach process. The lower part of the dam in test B1 remained stable during 385 

the whole process (Fig. 7) because the gravel content of this dam (76.55%) was close 386 

to the values of stable dams in tests C1–C3 (83.14–88.22%).  387 

 388 

Fig. 8. Schematic illustrations of the longitudinal evolution of balanced-composition dams: (a) 389 

tests B1–B4; (b) tests B5 and B6. 390 

Dams in tests B5 and B6 with fines contents higher than 15% breached by 391 

headcutting along with backward erosion (Figs. 8(b), S8, and S9). A scour pit and then 392 

a step-pool structure were formed at the downstream dam slope because the small 393 

grains were more easily washed away than the coarse grains. The water flow 394 

steepened the breach channel in the downstream slope from a slope angle of 26.6° to 395 

nearly vertical due to erosion at the foot of the dam downstream caused by vortexes in 396 



23 
 

the scour pit (Zhu et al., 2020; Zhong et al., 2021). Piping began to form at the toe of 397 

the upstream dam face. Headcutting erosion changed to backward erosion when the 398 

dam crest disappeared, and the downstream slope angle decreased. This breach 399 

process had similarities to tests F1 and F2. The fines contents of dams in tests B5 and 400 

B6 (15.53–17.90%) were much higher than those in tests B1–B4 (1.02–4.56%), but 401 

lower than those in tests F1 and F2 (50.82–55.86%). This resulted in headcutting 402 

erosion of dams in tests B5 and B6: similar to tests F1 and F2, but piping channels 403 

were not completely formed during the breach process (Table 1).  404 

3.2.2 Cross-section evolution 405 

The cross-section at the middle of the dam crest was analyzed. For each dam with a 406 

fines content less than 5% (B1–B4), the bottom of the breach was eroded by the 407 

outflow water after initial breach, whereas the top width of the breach expanded 408 

slightly (Fig. 9(a)). The width:depth ratio of the breach gradually decreased from 1.25 409 

to 0.52–0.71. Then, the breach side slope began to slip and collapse under gravity 410 

because the side slope became larger than the angle of repose of debris. The rate of 411 

lateral expansion was higher than that of vertical expansion, resulting in an increase of 412 

the width:depth ratio of the breach. The final shape of the breach was almost 413 

trapezoidal with a width:depth ratio of 0.73–1.12 (Figs. 9(b) and S10). The final angle 414 

of the side slope was in the range 60.1–75.9°: much larger than the angle of repose of 415 

the dam material (31.3–38.3°) owing to the apparent cohesion produced by capillary 416 

forces (Zhong et al., 2021).  417 

By contrast, the breach channel of each balanced-composition dam with a fines 418 
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content higher than 15% (B5 and B6) was widened after overtopping as the dam 419 

material slumped from the breach side slope (Fig. 9(a)). The blocks lodged in the 420 

breach channel and were progressively eroded. The width:depth ratio rapidly 421 

increased to a maximum of 2.15 and 2.44 in tests B5 and B6, respectively. Thereafter, 422 

the bottom of the breach was eroded until the shear stress applied by the outflow 423 

water was smaller than the resistance shear stress of dam material (1.31 Pa and 1.21 424 

Pa) (Zhou et al., 2019). The width:depth ratio of the breach decreased to the final 425 

ratios of 0.86 and 0.69 (Figs. 9(b) and S10). The final side slope angles were 65.8° 426 

and 80.3° because the dams contained a large amount of silt so the cohesive force and 427 

viscous resistance were large in the unsaturated state (Jiang et al., 2018). 428 

 429 

Fig. 9. Relationship between the breach width and depth for dams in tests B1–B6: (a) Relationship 430 

between the breach width and depth; (b) Variation of the width:depth ratio during the breach 431 

process. Note: M is the gradient. 432 

3.3 Effects of grain composition on breach parameters 433 

3.3.1 Dam longevity  434 

The longevity of a dam is defined as the period elapsed from its formation to the end 435 

of its failure (Shen et al., 2020). The longevity of fines-dominated dams in tests F1 436 
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and F2 (1321–1610 s) were significantly longer than balanced-composition dams in 437 

tests B1–B6 (436–605 s) because of the small backward erosion rate in the 438 

longitudinal direction and slow development of piping. The longevity of dams with 439 

fines contents higher than 15% in tests B5 and B6 (557–575 s) were longer than those 440 

with fines contents less than 5% in tests B2–B4 (436–480 s) due to the migration of 441 

headcutting.  442 

The longevity of the fines-dominated and balanced-composition dams first 443 

decreased and then increased with increasing median diameter d50 (Fig. 10(a)). The 444 

longevity was influenced by d50 because the coarse grain content first decreased and 445 

then increased with increasing d50. A large critical shear stress was generated because 446 

the large fraction of coarse grains interlocked with each other and formed a skeleton. 447 

The dam longevity increased nonlinearly with increasing fines content p (Fig. 10(b)). 448 

The reason was that when p > 25%, fines had a cementation effect on the grains, 449 

which enhanced the tensile strength and cohesive strength and thus lowered the 450 

erodibility of dam material (Vallejo and Mawby, 2000). Dam material with a low 451 

proportion of fines and gravel largely consisted of sand in this study which was easily 452 

eroded. For instance, the dam in test B4 only consisted of sand, showed obvious 453 

single-grain movement during the breach process, and had the shortest longevity (436 454 

s) of all balanced-composition dams.  455 
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 456 

Fig. 10. Relationships between longevity and (a) median diameter d50; (b) fines content p. 457 

3.3.2 Breach discharge 458 

Breach discharge hydrographs 459 

The breach discharge hydrographs of dams with different grain compositions 460 

were asymmetrical, and could be divided into four stages, termed initiation, 461 

acceleration, attenuation, and rebalance (Fig. 11). In the initiation stage, the breach 462 

discharge increased slowly until it almost matched the inflow rate of 1 L/s. The breach 463 

discharges in this stage showed fluctuations of 0.3–0.5 L/s in tests F2, B1–B3, and 464 

B5–B6 compared with fluctuations of 0.1–0.15 L/s in tests F1 and B4 due to the 465 

movement of coarse grains in the breach bottom. The durations of the initiation stage 466 

for tests F1 and F2 were 550 s and 265 s, respectively: much longer than for tests B1–467 

B6 due to the incomplete development of piping channels. By contrast, the initiation 468 

duration for test B4 was the shortest among the tests (31 s) (Fig. 11(f)). The reason 469 

was the erodibility of the dam material in test B4 was high as it contained 100% sand 470 

grains. In the acceleration stage, the breach discharge increased rapidly and reached a 471 

peak value. The acceleration durations for tests F1 and F2 were also longer than for 472 

tests B1–B6 because of the slow enlargement of piping channels along the dam 473 
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lengths. In the attenuation stage, the breach discharge decreased continuously. In tests 474 

F1 and F2, the breach discharge first dropped quickly to small values of 1.1 L/s and 475 

1.08 L/s within 80 s and 20 s, and then slowly declined to stable values in 310 s and 476 

920 s as the piping erosion changed to surface erosion (Figs. 11(a), (b)). In tests B5 477 

and B6, the breach discharge hydrographs had multiple peaks. The primary reason 478 

was the side slope collapses with large volumes blocked the breach channels, and the 479 

breach discharges decreased until the blockages were scattered and washed away. The 480 

outflow water then continued to incise the breaches and later additional peak 481 

discharges occurred. The attenuation durations were in the range 83–940 s. Finally, a 482 

breach discharge stabilized at the inflow rate in the rebalance stage. 483 

 484 

Fig. 11. Breach discharge hydrographs of the fines-dominated and balanced-composition dams. 485 

Peak discharge 486 
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Figure 12 reflects the relationship between the dam material parameters and peak 487 

discharge Qp. The values of Qp first increased and then decreased with increasing d50 488 

(Fig. 12(a)). The maximum Qp was 5.95 L/s for the dam with d50 = 2.08 mm (test B3), 489 

while the minimum Qp was 1.63 L/s for the dam with d50 = 0.05 mm (test F2). The 490 

values of Qp were small for the fines-dominated dams because the dams failed by 491 

overtopping along with piping in this study and the development of piping was slow. 492 

For the balanced-composition dams, Qp decreased with increasing d50 due to the 493 

increased proportion of coarse grains, which enhanced the connection between grains 494 

and increased the erosion resistance. In addition, Qp decreased with increasing p (Fig. 495 

12(b)). The reason was that dams with high fines contents generally had large 496 

cohesive forces and viscous resistances in an unsaturated state, which was proved by 497 

the nearly vertical downstream slope face during the breach process (Figs. S8 and S9).  498 

 499 

Fig. 12. Relationship between peak discharge Qp and (a) median diameter d50; (b) fines content p. 500 

3.3.3 Residual dam height and breach degree 501 

Landslide dams are not completely carried away due to their massive volumes and the 502 

presence of low-erodibility debris like large cobbles. The residual dam height hr is 503 

defined as the vertical altitude difference from the valley floor to the highest point on 504 



29 
 

the residual landslide dam. hr of the fines-dominated and balanced-composition dams 505 

in tests F1, F2, and B1–B6 were 2.5–12.2 cm; these first decreased and then increased 506 

with increasing d50 (Fig. 13). For the fines-dominated dams, the maximum grain 507 

diameters in tests F1 and F2 were 5 mm and 40 mm, respectively. During the breach 508 

process, more gravel grains were deposited near the dam site in test F2, which 509 

prevented further erosion and formed a larger residual dam. For the 510 

balanced-composition dams, the gravel content increased with increasing d50, 511 

resulting in the larger accumulation of coarse grains in the downstream dam site, the 512 

formation of an armoring layer on the dam surface, and thus a higher residual dam 513 

height. In addition, the final downstream slope angle β determined the shape of the 514 

residual dam. For this study, β values were in the range 2.0–14.3°, and first decreased 515 

and then increased with increasing d50 due to the change of repose angles of the dam 516 

material (Fig. 13).  517 

 518 

Fig. 13. Relationship between residual dam height hr, downstream slope angle β and median 519 

diameter d50. 520 

The destructive power of a landslide dam is not only determined by the lake 521 
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volume and dam height, but also by the breach degree Bd. Bd is defined as the ratio of 522 

the releasing potential energy to the total potential energy of the lake upstream of the 523 

landslide dam, where the releasing potential energy is the total potential energy minus 524 

the residual potential energy after dam breach. 525 

              (11) 526 

where mi, Vl and Hd are the mass of the dammed lake water, lake volume and dam 527 

height of the original landslide dam. mr, Vr and hr are the mass of dammed lake water, 528 

lake volume and the dam height of the residual dam. Bd = 1 means fully breaching a 529 

dam; Bd = 0 means no breaching occurs for a dam. 530 

With increasing d50, Bd first increased and then decreased for the fines-dominated 531 

and balanced-composition dams since the residual dam height first decreased and then 532 

increased (Fig. 14(a)). Bd decreased with increasing gravel content because gravel 533 

grains were more difficult to wash away than small grains and were easily deposited 534 

to form an armoring layer, preventing further erosion (Fig. 14(b)).  535 

 536 

Fig. 14. Relationship between breach degree Bd and (a) median diameter d50; (b) gravel content. 537 
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4. Discussion 538 

4.1 Stability evaluation of dams 539 

At present, the rapid evaluation of a dam’s stability is mainly based on geometric 540 

parameters of the dam like the dam height and dam volume, and hydrological 541 

parameters of the dammed lake like catchment area and lake volume (Canuti et al., 542 

1998; Ermini and Casagli, 2003; Korup, 2004). It has been suggested that the 543 

Backstow Index (Is = log(Hd3/Vl)), proposed by Korup (2004), is used to evaluate a 544 

dam’s stability. However, the stability of landslide dams is difficult to discern with -3 545 

< Is < 0. This includes most of the landslide dams in Appendix 1. The results also 546 

show “uncertain” when Is is applied to evaluate dam stability in this study (Table 2). 547 

In practice, the coarse-dominated dams remain stable, while the fines-dominated and 548 

balanced-composition dams breach during the experimental process. This indicates 549 

that the evaluation of dam stability needs to be further improved by considering grain 550 

composition. 551 

Table 2. Stability evaluation of dams based on Backstow Index (Is) 552 

Index Equation Stable Uncertain Unstable This study Reference 

Backstow Index (Is) log(Hd
3/Vl) > 0 -3–0 < -3 -1.23 Korup, 2004 

Note: Hd is the dam height. Vl is the lake volume. 553 

The median diameter d50 was found to significantly influence the stability of 554 

dams (Zhang et al., 2019; Zhu et al., 2020). With increasing d50, dam stability 555 

increased and the failure modes changed from overtopping along with piping, to 556 

overtopping alone, to remaining stable (Fig. 15(a)). A database of 26 landslide dams 557 
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was collected to further classify dam stability (Jiang, 2018; Zhang et al., 2016) 558 

(Appendix 1). With -3 <Is <0, the stability of dams depended on d50 of the dam 559 

material (Fig. 15(b)). When log(d50) < 0.9 mm, the dam was mainly composed of 560 

grains with diameters less than 8 mm, and the dam was in an unstable state. By 561 

contrast, when log(d50) > 2.0 mm, the dam was mainly composed of coarse cobbles, 562 

and the dam was in a stable state. In cases where 0.9 mm < log(d50) < 2.0 mm, the 563 

dam’s stability was uncertain. 564 

 565 

Fig. 15. Effects of median diameter d50 of the dam material on the stability of dams: (a) 566 

Relationship between d50 and dam stability in this study; (b) Improvement of the Backstow Index 567 

Is. 568 

4.2 Erodibility of balanced-composition dams 569 

The overtopping of landslide dams depends on the erodibility of dam material, and it 570 

is directly affected by the shear stress at the soil/water interface τ. 571 

                              (12) 572 

where h is the average flow depth. n is the Manning coefficient which is related to d50 573 

(Zhou et al., 2019): 574 
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                                 (13) 575 

where An is an empirical coefficient. Modeling shows that An = 16 at the laboratory 576 

scale (Zhou et al., 2019). 577 

The erosion rate E and shear stress τ at the middle section of the dam crest were 578 

calculated and used to analyze the relationship between E and τ. For the 579 

balanced-composition dams, E was linearly correlated with τ (Fig. 16), following the 580 

relationship proposed by Graf (1984): 581 

                                (14) 582 

where kd is the coefficient of erodibility (mm3/N·s), representing how fast the soil is 583 

eroded. τc is the critical shear stress at the initiation of soil erosion (Pa).  584 

 585 

Fig. 16. Correlation between erosion rate E and shear stress τ. 586 

Both τc and kd are obtained based on Equation 14. The values of τc were in the 587 

range 0.53–2.16 Pa, and those of kd were in the range 0.48–1.00 mm3/N·s. τc increased 588 

linearly with increasing d50, which was consistent with the equation proposed by 589 
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Briaud (2008). However, there is no relationship between kd and d50 (Fig. 17).  590 

The breach process of dams is controlled by the change of τ, τc, and kd. The 591 

maximum τ in test B1 during the breach process was 10.00 Pa, while the values in 592 

tests B2–B6 were in the range 11.25–28.30 Pa. The relatively small τ and large τc led 593 

to a long breach duration (305 s) and a large residual dam height (12.20 cm) in test B1. 594 

By contrast, the maximum τ and kd in test B4 were 11.25 Pa and 1.00 mm3/N·s, while 595 

τc (0.53 Pa) was only 25% of that in test B1 (2.16 Pa), resulting in a breach duration 596 

(140 s) and residual dam height (4.70 cm) less than half of those in test B1. Although 597 

the maximum τ was larger than 18.00 Pa in test B5, kd is 0.48 mm3/N·s – smaller than 598 

the value in test B4 – and thus the breach duration (292 s) was higher than in test B4 599 

(Fig. 11). 600 

 601 

Fig. 17. Relationship between coefficient of erodibility kd, critical shear stress τc and median 602 

diameter d50. 603 

4.3 Comparison of stability and breach process of experimental dams with 604 

natural landslide dams 605 

In this study, the dams with a high gravel content (> 80%) remained stable with 606 

seepage, while the dams with a high fines content (50.82–55.86%) breached by 607 
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overtopping along with piping. This result was consistent with the observations of 608 

landslide dams in the field. For instance, the Usoi landslide dam, which was 609 

composed of a heterogeneous mass of large blocks of rock in the uppermost 50–70 m, 610 

had an average inflow rate of 50 m3/s. The dam remained stable with an average 611 

seepage rate of 45.8–47.0 m3/s since 1911 (Strom, 2010). Conversely, the dam 612 

material of the Castle Lake landslide dam was poorly sorted with a median diameter 613 

of 0.5 mm, and contained more than 66.9% of clay, silt, and sand. This dam failed by 614 

piping and overtopping (Meyer et al., 1994).  615 

The breach process of a natural landslide dam which fails by piping has seldom 616 

been observed and documented as the piping generally occurs in the dam body 617 

(Zhong et al., 2021). Therefore, the overtopping process of dams was compared with 618 

a natural landslide dam. The Baige landslide dam, with a fines content of 2.0%, had a 619 

dam height of 96 m, a dam bottom width of 1500 m, and an inflow rate of 800 m3/s. 620 

According to Zhong et al. (2021), the breach process of the Baige landslide dam was 621 

divided into three stages: (1) Uniform erosion occurred on the surface layer. (2) 622 

Backward erosion continued until it reached the dam's upstream face. (3) The breach 623 

channel widened and deepened, accompanied by collapse of the breach side slope. 624 

The overtopping process of dams with fines contents less than 5% in tests B1–B4 was 625 

simplified as backward erosion, and the reduction of dam height combined with the 626 

widening of the breach channel. The breach process presented similar characteristics 627 

to the natural observations.  628 
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4.4 Applicability and limitations of comparing experimental results to natural 629 

landslide dams 630 

4.4.1 Applicability of experimental results 631 

The methodology for scaling findings from the experiments to prototype conditions 632 

assumes geometric, kinematic and dynamic similarity. Geometric similarity is given 633 

by the ratio of the natural landslide dam height Hd* and model dam height Hd 634 

conditions: 635 

                         (15) 636 

The Froude scaling concept is applied in experiments to maintain dynamic flow 637 

similarity (Coleman et al., 2002): 638 

                        (16) 639 

where ub* and ub are the prototype and laboratory flow velocities, respectively. H* and 640 

H are the prototype and laboratory hydraulic depths, respectively. 641 

Froude numbers Fr of the outflow water measured in our experiments were 642 

varied in the range 0.3–3.5. The selected laboratory and prototype parameters for this 643 

study, satisfying Froude scaling and based on the characteristic geometric scale, were 644 

compared (Table 3). The natural landslide dams and the model dams are similar under 645 

gravity when the Froude numbers of natural landslide dams are equal to those of 646 

model dams. 647 

Table 3. Range of laboratory and prototype parameters for the experiments of this study 648 

Parameters Hd (m) Wt (m) Wd (m) H (m) ub (m/s) Fr 

*
d

d

250H
H

l = =

b b
r *

u uF
gHgH

*

= =



37 
 

Laboratory 0.24 0.12 1.08 0.005–0.04 0.1–1.5 0.3–3.5 

Prototype 60 30 270 1.25–10.00 1.6–23.7 0.3–3.5 

The Reynolds number changed from 483 to 139682 in experiments. The outflow 649 

water changed from laminar flow to turbulent flow after dam overtopping in 650 

experiments, which was similar to the breach of natural landslide dams (Zhang et al., 651 

2019). During dam breaching, the incipient velocity of grains was obtained based on 652 

Wang et al. (2015): 653 

                    (17) 654 

Assuming h = 0.01 m in the experiment, the incipient velocity of a grain with a 655 

diameter of 1 cm is 0.46 m/s, and the Froude number is 1.47. According to the Froude 656 

scaling law, the flow velocity is 7.27 m/s for a natural landslide dam. The radii of 657 

grains that can be moved is 1.26 m at a flow velocity of 7.27 m/s. 658 

4.4.2 Limitations of experimental results 659 

The grading curves in this study were chosen based on natural landslide dams in 660 

the Northern Apennines, which mainly formed by debris avalanches and debris 661 

landslides (Casagli et al., 2003). The model dams thus had a relatively uniform 662 

grain-size composition with gravel-sized particles as well as finer material (Zheng et 663 

al., 2021b). However, dams formed by rock avalanches usually have a dual structure 664 

with crushed debris inside covered by blocky carapace, which may affect breach 665 

process. The inflow rate also plays an important role in dam failure modes and breach 666 

processes. The inflow rate was maintained at 1 L/s in this study, while the inflow rate 667 
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of natural landslide dams varies greatly. The influences of dam structure and inflow 668 

rate on the breach process and breach parameters certainly merit further investigation 669 

in the future. 670 

5 Conclusions 671 

We investigated the breach process of landslide dams through a series of 672 

experiments by considering grain compositions. In particular, we discerned the failure 673 

modes and evaluated the relationship between dam longevity, breach discharge, and 674 

breach degree and dam material parameters.  675 

(1) The stability of dams is influenced by the shear strength of dam material and 676 

hydraulic gradient. Coarse-dominated dams remain stable with seepage, 677 

fines-dominated dams fail by overtopping along with piping, and 678 

balanced-composition dams fail by overtopping alone. The dam stability increases 679 

with increasing median diameter. The evaluation of dam stability is further improved 680 

by considering the median diameter of debris.  681 

(2) During overtopping processes, the backward erosion is maintained with the 682 

reduction of dam height at the longitudinal section, and the width:depth ratio of the 683 

breach cross section decreases first and then increases for dams with fines contents 684 

less than 5%. By contrast, for dams with fines contents larger than 15%, headcutting 685 

erosion causes the development of a step-pool structure and the width:depth ratio 686 

increases first and then decreases.  687 

(3) The longevity of dams first decreases and then increases with increasing 688 

median diameter, and nonlinearly increases with increasing fines content. The main 689 
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reason is the grain composition determines the erosion rate and changes the breach 690 

duration. The durations of initiation and acceleration stages are longer for 691 

fines-dominated dams due to the slow development of piping. The peak discharge first 692 

increases then decreases with increasing median diameter. Multiple peaks in a 693 

discharge hydrograph may be generated by increasing the fines content or the collapse 694 

of the side slope. 695 

(4) Both the residual dam height and final downstream slope angle first decrease 696 

and then increase with increasing median diameter due to the change of gravel content 697 

and angle of repose of dam material. The breach degree is defined as the ratio of the 698 

releasing energy to the total potential energy of the lake upstream of the landslide dam. 699 

The breach degree first increases and then decreases with increasing median diameter, 700 

and decreases with increasing gravel content.  701 

The results suggest that grain composition of debris has a significant influence 702 

on the stability, breach process, and breach parameters of landslide dams. These 703 

experimental results can provide guidance for hazard assessment of landslide dams. 704 

More landslide dam cases will be collected to validate the improved evaluation 705 

method of dam stability, and the influences of dam structure and inflow rate will be 706 

further studied in the future.  707 
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Notation 712 

Bd    breach degree 713 

Cc     curvature coefficient 714 

CD   drag coefficient 715 

CL   lift coefficient 716 

Cu     uniformity coefficient 717 

d    diameter of the grain 718 

dm   maximum diameter of the grain 719 

d50    median grain size of dam material 720 

E    soil erosion rate 721 

e      void ratio of dam material 722 

g     gravitational acceleration 723 

h    average flow depth 724 

H    hydraulic depth 725 

hb     initial depth of the notch 726 

Hd     dam height  727 

hr     residual dam height after dam failure 728 

Hw     upstream water level 729 

i     hydraulic gradient 730 

ic     critical hydraulic gradient 731 

k     saturated permeability coefficient 732 

kd    coefficient of erodibility 733 
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Ld     dam length 734 

Lu      distance from the upstream dam site to the water tank 735 

mi     mass of the dammed lake water before dam breach 736 

mr     mass of the dammed lake water after dam breach 737 

n    Manning coefficient 738 

p      fines content (grains smaller than 0.075 mm) 739 

Qin     inflow rate 740 

Qp      peak discharge 741 

ub   effective velocity acting on the grain 742 

Vd     dam volume  743 

Vl     lake volume 744 

Vr     residual lake volume after dam failure 745 

wb     initial top width of the notch 746 

Wd     dam bottom width 747 

Wl     length of the water tank 748 

Ww     width of the water tank 749 

Wf     width of flume 750 

Wt     dam crest width 751 

α     angle between the seepage force and the horizontal 752 

β     angle of downstream slope of the dam 753 

ζ     static friction coefficient. 754 

ρw     density of water 755 
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ρdmax   maximum dry density of dam material 756 

ρs     density of the grain 757 

τ    shear stress at the soil/water interface 758 

τc    critical shear stress 759 

φ      angle of repose of dam material 760 
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Fig. S1. Experimental dam material in various components. 
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Fig. S2. Hydrodynamic coefficients of landslide dams derived from a worldwide data set. 
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Fig. S3. Three types of dam material: (a) Coarse-dominated debris; (b) Fines-dominated debris; (c) 
Balanced-composition debris.  
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Fig. S4. Schematic illustration of headcutting in a fines-dominated dam. 
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Fig. S5. Longitudinal evolution of dam in test B2 from side view. 
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Fig. S6. Longitudinal evolution of dam in test B3 from side view. 
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Fig. S7. Longitudinal evolution of dam in test B4 from side view. 
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Fig. S8. Longitudinal evolution of dam in test B5 from side view. 
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Fig. S9. Longitudinal evolution of dam in test B6 from side view. 
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Fig. S10. Cross sectional evolution of dams with different grain compositions. 
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Appendix 1. Information of 26 landslide dams and 11 tested dams with median diameter d50 (Jiang, 
2018; Zhang et al., 2016) 

Country Landslide dam 
Occurrence 
year 

Hd (m) Vl (106 m3) 
d50 

(mm) 
Stability Is 

China Baige 2018 43 290 4.3 Unstable -3.56  
Donghekou 2008 20 3 8 Unstable -2.57  
Hongshihe 2008 55 3 9 Unstable -1.26  
Tangjiashan 2008 82 316 83 Unstable -2.76  
Tangjiawan 2008 40 15.2 5 Unstable -2.38  
Xiaogangjian 2008 62 11 8.8 Unstable -1.66  
Yangjiagou 2008 50 0.85 20 Unstable -0.83  
Yigong  2000 60 3000 30 Unstable -4.14  
Hsiaolin Village  2009 44 9.9 0.2 Unstable -2.07  
Tsao Ling Lake  1941 200 157 65 Unstable -1.29  

Italy Lizzano 1814 15 8.4 80 Unstable -3.40  
Lotta 1590 40 2 19 Unstable -1.49  
LamaMocogno 1879 30 0.75 60 Unstable -1.44  
Groppo 1786 80 5.3 22.5 Unstable -1.02  
S.Benedetto 1994 25 0.33 3.2 Unstable -1.32  
Cerredolo 1725 35 13.188 32.5 Unstable -2.49  
Lizzano 1814 15 8.4 80 Unstable -3.40  
Signatico 1947 30 8 16.8 Unstable -2.47  
Tollara 1886 25 11.35 22 Stable -2.86  
Frassinoro 1598 25 9.4 12 Stable -2.78  
Boccassuolo 1707 30 9.12 31 Stable -2.53  

New 
Zealand 

Lake Stanley 1929 70 11.55 250 Stable -1.53  
Lake Matiri 1929 35 28 2000 Stable -2.81  
Dora 1929 35 1.49 200 Stable -1.54  
Matiri River 1929 40 1.1 150 Stable -1.24  
Lake Moonstone 1929 15 8.25 200 Stable -3.39  

This 
study 

F1 

- 

0.24 2.33 x 10-7 0.07 Unstable -1.23  
F2 0.24 2.33 x 10-7 0.05 Unstable -1.23  
B1 0.24 2.33 x 10-7 8.82 Unstable -1.23  
B2 0.24 2.33 x 10-7 3.95 Unstable -1.23  
B3 0.24 2.33 x 10-7 2.08 Unstable -1.23  
B4 0.24 2.33 x 10-7 0.87 Unstable -1.23  
B5 0.24 2.33 x 10-7 4.77 Unstable -1.23  
B6 0.24 2.33 x 10-7 3.89 Unstable -1.23  
C1 0.24 2.33 x 10-7 13.11 Stable -1.23  
C2 0.24 2.33 x 10-7 8.77 Stable -1.23  
C3 0.24 2.33 x 10-7 13.26 Stable -1.23  

Note: Hd is the dam height. Vl is the lake volume. 


