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A B S T R A C T   

Landslide dams form when landslide materials reach rivers causing complete or partial blockage. It is known that 
overtopping water flows and seepage flows are two crucial processes that induce dam failure. In several in
stances, the landslide dams collapse is caused by the coupled influence of seepage flows and overtopping water. 
This study aims to evaluate the contribution of seepage flows to the overtopping failure of landslide dams in 
terms of dam stability, breach duration, and flow discharge. We conducted two field experiment tests to simulate 
landslide dam failure modes: overtopping failure and overtopping-seepage coupling. Results show that the in
ternal erosion due to seepage induces the loss of fine particles, resulting in a fourfold increase in dam defor
mation relative to when seepage is minimal. In the case overtopping and seepage failure, the outburst duration is 
shortened by two-thirds, but the peak outburst discharge is increased by nearly two times compared with the 
pure overtopping failure. Sediments accumulate at the downstream channel for overtopping failure, but erosion 
is observed before accumulation when the “overtopping and seepage” failure occurs. Fine grain sizes are limited 
to the downstream bed for both failure modes, which indicates the equal mobility of sediments involved in the 
outburst flood from a landslide dam breach.   

1. Introduction 

Landslide dams often form when landslide debris entirely or partially 
blocks rivers (Ermini and Casagli, 2003). The suddenness and unpre
dictability of landslide dam failures make them extremely destructive, 
posing a threat to human lives and the environment (Walder and 
O’Connor, 1997; Chai et al., 2000; Zhu and Li, 2001; Shang et al., 2003; 
Dai et al., 2005; Liu et al., 2010; Bonnard, 2011; Yan et al., 2020a; Yan 
et al., 2020b). The catastrophic MS 8.0 Wenchuan earthquake triggered 
enormous landslides and landslide dams (Cui et al., 2011; Xu et al., 
2009). Some of these dams subsequently breached and developed into 
outburst floods that devastated downstream communities’ lives and 
infrastructure (Yin et al., 2009; Peng and Zhang, 2013; Fan et al., 2019). 
In addition, the erosion and deposition that result from dam outburst- 
induced floods lead to downstream channel instability and influence 
riverbed morphology (e.g., sandbars, armoring layers) (Korup, 2002; Liu 
et al., 2010; Chen et al., 2015; Jiang and Wei, 2020). It is, therefore, 

necessary to carry out quantitative studies on the causes of landslide 
dam failure and the impact of outburst floods on channel morphology to 
improve landslide dam hazard mitigation and disaster preparedness. 

The failure modes of landslide dams can be divided into three cate
gories (Fig. 1a, b, and c): overtopping failure, seepage failure, and 
“overtopping and seepage” failure (Schuster and Costa, 1986; Zhu et al., 
2019). Overtopping failure occurs in landslide dams with low perme
ability, high soil strength of dam materials, and large upstream flow 
discharge. Seepage failure occurs when landslide dams are highly 
permeable and have low upstream flow discharge (Chen et al., 2015). 
The “overtopping and seepage” failure mainly occurs when dams have 
high permeability, are composed of weak dam materials, and have a 
considerable upstream flow discharge (Peng et al., 2016). The “over
topping and seepage” failure involves seepage flow on the downstream 
dam surface followed by subsequent overtopping erosion. Due to the 
narrow valleys and small impounding reservoirs in high mountain areas, 
the upstream water level rapidly increases once the landslide dam is 
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formed. In such cases, seepage is minimized and the landslide dams are 
assumed to fail solely due to overtopping (Schuster and Costa, 1986; 
Peng et al., 2016). However, seepage in landslide dams is inevitable due 
to their poorly-sorted, unconsolidated, and heterogeneous material 
composition (Liao and Chou, 2003; Okeke and Wang, 2016). Thus, the 
“overtopping and seepage” failure mode often occurs in reality. 

Although most landslide dams fail due to overtopping (Xu et al., 
2009; Peng and Zhang, 2012; Peng et al., 2016), cases with seepage as 
the dominant failure mechanism have also been reported (Peng et al., 
2014). Seepage induces internal erosion, which deforms the dam (Costa 
and Schuster, 1988; Peng et al., 2014). According to the tests of Liao and 
Chou (2003), seepage flow is one of the key factors that affect the sta
bility of landslide dams and the outburst of flood discharge. Okeke and 
Wang (2016) found that the critical seepage flow rate increases with the 
dam crest width, dam height, and upstream inflow rate. Zhang et al. 
(2019) also reported that seepage and internal erosion could weaken the 
shear strength and increase the permeability of soils. 

Several small-scale laboratory experiments have focused on the 
failure of landslide dams (Awal et al., 2008; Chen et al., 2015; Jiang and 
Wei, 2020; Xiangang et al., 2018; Zhou et al., 2019a; Zhu et al., 2019, 
2020). However, few studies attempted to analyze the difference be
tween overtopping and “overtopping and seepage” failures. The mech
anism of dam failure due to the coupled effects of internal (seepage flow) 
and surface (overtopping) erosion is a critical question that can be 
explored through hydrodynamic perspectives using large-scale field 
tests. 

In this study, we performed two large-scale landslide-dam experi
ments, one where overtopping is the only dominant failure mechanism; 
and another where both overtopping and seepage are relevant. The 
comprehensive investigation conducted here aims to (i) document dam 
settlement deformation before failure; (ii) directly measure the evolu
tion of dam breach over time; (iii) investigate the difference of the 
outburst flood hydrographs; and (iv) assess the geomorphological 
changes in downstream channel caused by outburst floods. 

2. Large-scale physical modeling tests 

2.1. Model design 

Scaling laws are crucial in designing physical modeling experiments. 
The potential energy of water, which influences the dam stability, fail
ure mechanisms, and outburst floods, is related to the volume of the 
dammed lake (VL), the dam height (Hd), and dam volume (Vd) (Costa 
and Schuster, 1988; Korup, 2002). The dam height (Hd) represents the 
water head of the dammed lake that triggers seepage flow, while the 
volume of the landslide dam (Vd) determines the mass of erodible soils 

during the failure process. The landslide dam toe to toe length (Lb) 
represents the potential seepage length. A set of dimensionless numbers, 
Hd / Lb, Vd

1/3 / Hd, and VL
1/3 / Hd, were proposed to define the geometrical 

features of the landslide dam and dammed lake (Xu and Zhang, 2009; 
Peng and Zhang, 2012; Zhou et al., 2019a). These parameters are helpful 
to analyze the dam geometry and its potential failure modes. For 
example, the dam shape coefficient, Vd

1/3 / Hd, reflects the erodible 
granular material available during dam breaching. The lake shape co
efficient, VL

1/3 / Hd, indicates the potential volume of water that can 
erode the dam and influence the breach scale and the outflow discharge. 

Fig. 2 shows data from more than 80 landslide dam cases worldwide, 
collected from the literature with dimensionless quantities (Zhou et al., 

Fig. 1. Typical failure models of landslide dams; (a) overtopping failure model. (b) seepage failure model. (c) overtopping and seepage failure model.  

Fig. 2. Dimensionless parameters characterizing the geometry of landslide 
dams for cases derived from different datasets (Costa and Schuster, 1988; 
Korup, 2002; Xu et al., 2009; Yin et al., 2009; Peng and Zhang, 2012; Cui et al., 
2011) ([EU] is Europe, [AS] is Asia, [OA] is Australia,  [SA] is South America, 
and [NA] is North America). 
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2019a). Seventeen of these cases are induced by the Wenchuan MS 8.0 
earthquake (filled triangles in Fig. 2). The dimensionless coefficients 
that define the modeled dams in this study (red star and cross) fall within 
the range of values measured for natural landslide dams and can 
therefore be considered to represent realistic cases (Zhou et al., 2019a; 
2019b). Fig. 2 shows that as Hd / Lb is increased, dams gradually 
transform from being broad and thick to being narrow and thin. 
Furthermore, we found that the landslide dams with low Hd / Lb 
(enclosed in a red dashed box on the left) mainly fail due to overtopping. 
In contrast, those with large Hd / Lb (circled in a red dashed box on the 
right) fail due to seepage/piping failure (Costa and Schuster, 1988; 
Korup, 2002; Xu et al., 2009; Yin et al., 2009; Peng and Zhang, 2012; Cui 
et al., 2011). Accordingly, one value of Hd / Lb in each group is 
considered in this study to investigate these two failure mechanisms. 
Namely, dam No.1 with Hd / Lb = 0.2 is a broad and thick dam, whereas 
dam No.2 with Hd / Lb = 0.36 is a narrow and thin dam. These two 
landslide dams are shown in Fig. 3. The height and transverse width of 
both dams are Hd = 2.0 m and 8.0 m, respectively. The top and bottom 
streamwise lengths Lb for Dam No. 1 are 5.0 m and 10.0 m, while they 
are 0.5 m and 5.5 m for Dam No. 2. The inclination angles of the up
stream and downstream dam faces are α1 = 38◦ and α2 = 39◦, respec
tively, which are close to the natural repose angle of soils. The bottom 
slope of the dams is θ = 3◦. The volume of the upstream reservoir is 
about 500 m3 for both dams. Dam breaching was initiated by cutting a 
notch (width w0: 0.5 m, depth h0: 0.2 m) at the center of the dam crest. 

Model dams are built according to the construction procedures 
adopted by dam-breach tests conducted by the EU IMPACT project 
(Morrism, 2008), U.S. Department of Agriculture (Hanson et al., 2005), 
Nanjing Hydraulic Research Institute, China (Zhang et al., 2009), and 
National Chung Hsing University (Feng et al., 2020). Real debris flow 
deposits from the Jiangjia Ravine (with an averaged inclined slope of θ 
= 3◦), near the national Dongchuan Debris Flow Observation and 
Research Station (DDFORS), are used to construct the model dams (see 
Fig. 4). Dam materials are dumped from a fixed and equal height to 
ensure the similarity between the constructed models. After the dams 
are constructed, the void ratio (e = 0.72) and bulk density (ρd= 1570 kg/ 
m3) at different locations are measured. The measured void ratio falls 
within the range (e = 0.59 – 1.11) obtained by Chang and Zhang (2013a) 
for natural landslide dams. Meanwhile, we cleared out loose materials 

that remained on the dam’s surface without compacting them. Finally, 
white 0.5 m × 0.5 m grids are drawn on the dam crest and downstream 
surface to aid in quantifying the deformation of the dam. The water from 
the Jiangjia Ravine is guided into the reservoir through a channel 
(Fig. 4). The inflow discharge was kept constant at ~0.1 m3/s by a sharp- 
crested triangular weir installed upstream. The water rose to the notch 
level (H = 1.8 m) after ~5400 s. The breaching flood is guided to the 
downstream channel by levees of piled sandbags on the left bank and a 
concrete wall on the right. 

2.2. Experimental instrumentation 

The dam breaching process is recorded using two digital cameras 
(Nikon D610 digital single-lens-reflex) and two video cameras (SONY 
150 FDR-AX40, 1440 × 1080 pixels, 25 fps) (see Fig. 4). Two cameras 
are located 3 m overhead and 10 m downstream of the landslide dam. 
Digital camera No. 1 records the dam breach processes and monitors the 
stream-wise (x-direction) dam deformation. Digital camera No. 2 mon
itors the depth-wise and lateral dam deformation and provides the series 
of photos used for Particle Image Velocimetry (PIV) analysis. The system 
of cameras allows us to do a three-dimensional survey of the dam 
deformation before and during failure. Two water level gauges are 
installed at the right bank of the reservoir and downstream channel to 
measure the flow depth. Video camera No. 3 on the right bank of the 
channel provides detailed oblique views of the dam breaching and 
subsequent outburst flow depth at the downstream channel. Video 
camera No. 4 on the left bank records the water levels in the reservoir. 
All the cameras are wireless and are connected to a remote-control 
switch that activates all camera shutters simultaneously. 

A laser scanner (FARO_3D M70) is used to measure the topography 
downstream of the landslide dam before and after failures. The sensor 
records a single scan in an entire field of view with a resolution of ±2 
mm. Images are post-processed using the FARO SCENE software, a 
comprehensive 3D point cloud processing and management tool that can 
handle high-resolution three-dimensional laser scans. We collected the 
digital orthophotos and densely populated triangular irregular network 
(TIN) digital terrain models (~100,000 3D points) for the reservoir, 
dam, and downstream channel. In addition, an uncrewed aerial vehicle 
(UAV) is used to record a bird’s-eye view of the experiment. 

Fig. 3. Dimensions of (a) dam No. 1 and (b) dam No. 2 and their respective reservoirs used in the experiment.  
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2.3. Granular materials 

Natural landslide dams are usually composed of grains of various 
sizes from clay, sand, and gravel to cobbles and boulders (Costa and 
Schuster, 1988; Korup, 2002). The sediments from the debris flow fan of 
the Jiangjia Ravine have a moisture content of 6 ± 0.5% and are used to 
ensure that the experimental dams have a wide grain-size distribution. 
Grains are sifted through nine sieves with grid sizes between 0.25 mm 
and 60 mm. The fine particles that pass through a 0.25 mm sieve are 
measured using a Malvern Mastersizer 2000 instrument. The coarsest 
particles that could not pass through the largest sieve (60 mm) are 

approximately 300 mm in diameter. The grain size distribution (GSD) 
illustrated in Table 1 and Fig. 5 show that the channel-bed materials 
have a median grain size of d50 = 12.4 mm, a uniformity coefficient of 
Cu = 22.44 > 5.0, and a curvature coefficient of 1.0 < Cc = 1.16 < 3.0. 
Referring to the particle diameter distribution standard, a good grada
tion is obtained when Cu > 3 and Cc = 1~3. These metrics suggest that 
the materials have poor sorting, wide gradation, and a bimodal distri
bution. Moreover, the GSD of dam materials in the experiment falls 
within the range of values that characterize natural landslide dams 
(shaded region in Fig. 5a). 

Since the GSD of the materials that make up landslide dams control 

Fig. 4. (a) Location of the test site on the debris flow deposit fan of the Jiangjia Ravine. (b) A schematic diagram of the experimental setup, and (c) photographs of 
the instrumentation and equipment. 
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their stability and overall strength, as well as characterize the perme
ability of the dam material, they influence the erosional processes that 
can lead to failures by overtopping or seepage (Casagli et al., 2003). The 
bimodality index for GSD from Wilcock (1993) is calculated to quantify 
the bimodality in the sediment mixture: 

B* =
(
dc
/

df
)0.5( Fc +Ff

)
(1)  

where dc and df are the grain sizes of the coarse and fine parts, respec
tively. Fc and Ff are the proportions of sediment having sizes that fall 
under the primary (greater) amplitude and the secondary (lesser) 
amplitude, respectively. For the materials used in our model dams, these 
values are df = 0.5 mm, dc = 40 mm, Fc = 14.3%, and Ff = 4.0%, from 
which B* = 1.64 is obtained. This value is less than that obtained by 
Wilcock (1993), indicating that the sediment used in this study is weakly 
bimodal. To further characterize the modality of the dam materials, the 
standard deviation of sediment sizes is measured to characterize the 
variation of grain sizes downstream (Folk and Ward, 1957): 

σϕ = [(ϕ84 − ϕ16)/4 ] + [(ϕ95 − ϕ5)/6.6 ] (2)  

where σϕ is the sorting index of the material, and ϕ84,16,95,5 are the 
respective percentile fractions of the bed material on the ϕ-scale (ϕ =
log2d). The sorting index of the material in this study is 2 < σϕ = 2.21 <

4, which indicates very poor sorting of sand and gravel, consistent with 
what is observed through visual inspection. 

The soil-water characteristic curve (SWCC) and saturated perme
ability are two input parameters for seepage analysis based on Darcy’s 
law of unsaturated soils (Ng and Pang, 2000). This study measures the 
SWCC of dam materials with diameters smaller than 2 mm through 
pressure plate tests. Permeability tests are carried out using a commer
cial flexible-wall permeameter through the falling head method. More 
details about the test apparatus and method can be found in ASTM 
D5084 (2010). 

As shown in Fig. 6, the volumetric water content decreases as matric 
suction increases from 0.1 to 400 kPa for different soil samples. Speci
mens with high dry bulk density retain high volumetric water content 
for constant matric suction. This is consistent with previous studies 
reporting that dense soils have high water retention capacity (Ng and 
Pang, 2000; Mu et al., 2020). Note that soil specimens that pass through 
a 2 mm aperture sieve, from which the SWCC are measured, are finer 

Table 1 
Soil properties of the modeled landslide dams.  

Property Value 

d10, d16, d 30, d50, d60, d84 0.90 mm, 2.20 mm, 4.60 mm, 
12.40 mm, 20.2 mm, 79.80 mm 

aσg = d84/d16, a dimensionless parameter for the 
spread in the grain size distribution 

36.27 

bCu = d60/d10, uniformity coefficient 22.44 
bCc = d30

2 /(d60 × d10), curvature coefficient 1.16 
cρd, bulk density 1570 kg/m3 

e, void ratio 0.72 
cφ, static friction angle of dry sediments 30◦

a A dimensionless measure for the spread in the grain size distribution, cf. 
Walder, 2016 

b SL237-1999, Geotechnical Test Procedure. 
c Characteristic parameter of sediments at DDFORS, cf. Zhou and Ng, 2010 

Fig. 5. The (a) grain size distribution (GSD) of granular materials used to construct the dams. The shaded region corresponds to the GSD range of 42 natural landslide 
dams in the Northern Apennines (cf. Casagli et al., 2003) while the dot-dashed line represents those obtained from this study. (b) The content of each grain size. 

Fig. 6. Soil water characteristic curves of the sediment materials.  
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than the dam material from the field experiments. 

3. Results 

3.1. Landslide dam deformation before breaching 

The unconsolidated dam body experiences uneven settlement during 
the impoundment of water in the reservoir. We chose the time over 
which the water fills the reservoir (t = − 5400 s, see Figs. 7a and 8a for 
dams No. 1 and No. 2, respectively) and the start time of dam breach (t 
= 0 s, see Figs. 7b and 8b for dams No. 1 and No. 2, respectively) to 
analyze the deformation of two dams. Dam No. 1 slightly decreases with 

a maximum vertical settlement displacement of about 0.10 m relative to 
the original dam height (Fig. 7b). In comparison, a considerable vertical 
displacement of 0.40 m (four times larger than Dam No. 1) is observed 
for Dam No. 2 (Fig. 8b). The deformation of the landslide dams is 
quantified using Particle Image Velocimetry (PIV) technology, which 
relies on the cross-correlation between sequential images obtained by 
digital camera No. 2 to determine the average displacement within a 
limited area (White et al., 2003). PIV results show that the maximum 
settlement is 0.084 m and 0.379 m for Dam No. 1 and Dam No. 2, 
respectively as indicated by the arrow lengths in Fig. 7c and Fig. 8c. The 
results are consistent with the vertical displacement estimates of the 
dam height. 

Fig. 7. The maximum deformation of dam No.1. (a) Original dam (t = − 5400 s); (b) uneven settlement of the dam from the experimental results; (c) uneven 
settlement of dam from PIV analysis. The black circle indicates the maximum displacement. 
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Different from Dam No. 1, wherein the maximum settlement point is 
located close to the notch (Fig. 7b), the observed position of maximum 
settlement in Dam No. 2 is situated ~2 m away from the notch (Fig. 8b), 
specifically at y = 6 m near the left bank, which is attributed to signif
icant heterogeneous settlement. The time series of the complex defor
mation process of Dam No. 2 is shown in Fig. 9. We observed a seepage 
spill point emerge downstream of the dam toe (Fig. 9b, t = − 5270 s) 
after about 130 s. At t = − 2178 s, a visible uneven settlement of the dam 
and a seepage flow runoff on the downstream channel bed occurs 
(Fig. 9c). A crack gap emerges at the right shoulder of the dam because 
of significant seepage flow (Fig. 9d, t = − 1870 s). As seepage flow and 
soil erosion progress, more cracks develop inside the dam body, pro
moting more seepage. Abundant water is observed in the middle of the 
downstream dam surface and at the dam toe (Fig. 9e, t = − 58 s). After 
less than a minute, the initial erosion Point A appears at the downstream 
dam crest, coinciding with the location where the maximum vertical 
settlement is observed. Breach failure is observed a few seconds later 
(Fig. 9f, t = 0 s). 

3.2. Processes of the dam breach 

3.2.1. Morphological evolution of the breach channel 
The rapid changes in the hydrodynamic conditions make the dam 

breaching process very complex. In Dam No. 1, seepage flow was absent 
on the downstream slope surface before the breach occurredher 
(Fig. 10a). Here, the initial time of dam breaching t = 0 s is when the 
water reaches the downstream dam shoulder Point A (Fig. 10a). Sub
sequently, the landslide dam undergoes progressive head-cut erosion 
and overtopping failure. The soil in the notch is gradually washed away 
by water, causing the erosion point to move to Point B (Fig. 10b, t = 24 
s). A shallow rectangular incision along the downstream slope surface is 
observed, which is consistent with the SMPDBK mode proposed by 
Wetmore and Fread (1981), and the NWS Breach mode proposed by 
Fread (1988) and Macchione (2008). The eroded sediments stop at the 
toe of the dam and develop into a deposit fan. The increased overtopping 
flow depth and enhanced hydrodynamic energy move the erosion point 
upstream to Point C (Fig. 10c, t = 27 s). The soils on both sides of the 
breach become increasingly unstable and collapse at small scales 

Fig. 8. The maximum deformation of dam No. 2. (a) Original dam (t = − 5400 s); (b) uneven settlement of the dam from the experimental results; (c) uneven 
settlement of the dam from PIV analysis. 
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changing the rectangular cutting pattern to a sawtooth pattern. In 
addition, the collapsed soils mix with the water to form debris flows. The 
velocity and discharge of debris flows are relatively small, unable to 
move the soils at large distances. This results in the deposition of par
ticles at the dam toe, which effectively enlarges the deposit fan 
(Fig. 10d). The erosion point continues to move along the dam crest 
towards point D (Fig. 10d, t = 183 s) due to the continued increase of the 
outburst flow. The breach area is greatly enlarged due to the large-scale 
collapses on both sides of the breach. Although parts of the collapsed 
soils are still deposited at the dam toe, they are rapidly scoured by the 
outburst of floods. With the increase of the breach area, the hydrody
namic energy is enhanced, driving the erosion point further upstream 
towards the dam shoulder Point E (Fig. 10e, t = 452 s). Meanwhile, the 
deposit fan gradually shrinks and is eventually washed away by the flow. 
The breach develops across the whole dam body forming a bell-shaped 
geometry. The outburst flooding rapidly grows and reaches its peak flow 
in a short time. The flow velocity is sufficiently high to erode the soils on 
both sides of the breach. The upstream and downstream breach widths 
and areas simultaneously increase and reach peak values (see Fig. 10f, t 
= 710 s. Su, Sd denote the upstream and downstream cross-section area, 
respectively). The outburst discharge then gradually decreases due to 
the declining upstream water level. The breach width and area cease to 
grow, and a stable dam shape is achieved (Fig. 10g, t = 760 s). Finally, 
the hydrodynamic energy is weakened and insufficient to scour the 
breach’s slope further, resulting in a trapezoidal profile with a side slope 
angle of β = 54◦ (Fig. 10h, t = 1500 s). 

For Dam No. 2, seepage flows emerge before breaching at the 
downstream dam toe (Fig. 11a, t = 0 s). At the beginning of the breach, 
the surface soils downstream are gradually scoured by the flow having 
low hydrodynamic energy. Like to Dam No. 1, soils mix with the water 
flow to generate debris flows, which eventually deposit at the dam toe 
forming a debris fan (Fig. 11b, t = 34 s). The process of deposit fan 

formation lasts for about 4–5 min for Dam No. 1 but is less than 30 s for 
Dam No. 2. Soils on both sides slide along the exposed breach surface, 
resulting in a narrow rectangular channel (Fig. 11c, t = 44 s). Mean
while, the erosion point migrates quickly from point B to point C along 
the downstream slope, and the outburst flood rapidly washes away the 
debris fan. The increased strength of the outburst discharge drives the 
erosion point down towards the dam toe (Point D) at t = 60 s (Fig. 11d) 
and is followed by a rapid increase in the outburst discharge. With time, 
the erosion point moves to Point E (Fig. 11e, t = 97 s), accompanied by 
the continued decrease of the reservoir water level. Subsequently, the 
rapidly growing flooding discharge reaches the maximum value in a 
very short period. The strong flow washes away the dam sediments, 
resulting in a sharp increase in the breach width and area. Large-scale 
sliding occurs on both sides of the channel and causes rapid lateral 
widening, corresponding to a rapid rise in the breach area (Fig. 11f, t =
180 s and Fig. 11g, t = 240 s). Eventually, a wide breach forms and the 
upstream water level gradually decreases due to weak hydrodynamic 
conditions and attenuated soil erosion. Dam failure ends when the 
resistive force of soils balances the erosive force of the outburst flood, 
leaving a trapezoidal breach cross-section with a side slope angle β = 45◦

(Fig. 11h, t = 540 s). This is notably smaller than the side slope angle in 
Dam No. 1 (Fig. 10h). 

In addition, we observe that the side slope evolution processes during 
breaching are different for the two dams. Fig. 12 illustrates the modes of 
collapse at the side slope for both model dams. For Dam No. 1, masses or 
chunks of soil material remain suspended on the slope surface (Fig. 12a) 
until its self-weight overcomes the matric suction that keeps it in place, 
causing it to fall into the water (Fig. 12b). In Dam No. 1, the soil clusters 
easily slide along the slope and into the flowing water (Fig. 12c and d). 
The lateral erosion of Dam No. 1 is a combination of continuous erosion 
and episodes of sudden collapses. In contrast, the lateral erosion of Dam 
No. 2 is a combination of constant erosion and episodic sliding. 

Fig. 9. Deformation process of dam No. 2 prior to dam breaching.  
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3.2.2. Hydrological process of outburst flooding 
For landslide dam failure, the water volume balance equation can be 

approximated as: 

dVL

dt
= Qin − Q (3)  

where Q is the breach outflow discharge, VL is the volume that is a 
function of upstream headwater level, t is time, and Qin is the inflow 
discharge. The upstream inflow is considered to be a steady-state flow 
with a constant discharge of about 0.1 m3/s in this study. The estimated 
hydrograph of the outburst flood is shown in Fig. 13a. The duration of 
the failure time for Dam No. 1 (1500 s) is about three times longer than 
that of Dam No. 2 (540 s), but the peak discharge of Dam No. 2 (3.38 m3/ 
s) is about twice larger than that of Dam No. 1 (1.77 m3/s). The results 
suggest that the breach process of Dam No. 2 is more rapid than in Dam 
No. 1. The breach parameters such as the cross-sectional area Sb, breach 
width wb, and side slope angle β are illustrated in Fig. 13b, c, and d, 
respectively. According to the hydrograph profiles, the landslide dam 
failure can be divided into three stages: 

Stage 1: Initiation of the dam breach. A stream of water escapes from 
the reservoir and slowly initiates the overtopping flows across the dam 
crest. Due to the relatively small flow velocity, discharge, and weak 

erosive force from the outburst flood, the changes of the breach area Sb 
and breach width wb are both relatively small (Fig. 13b and c). Mean
while, the flood gradually incises the downstream dam surface, leading 
to a narrow channel with almost vertical banks (i.e., the side slope of the 
breach is nearly 90◦). This process lasts for 500 s for Dam No. 1 but lasts 
no more than 90 s for Dam No. 2 (Fig. 13d). 

Stage 2: Rapid increase of outburst floods. Outburst floods flow over 
the dam crest, and the head-cut continues along the entire width. The 
undercut breach progressively lengthens and widens (Fig. 13c), 
accompanied by a rapid increase in discharge (Fig. 13a). At this stage, 
the failure is mainly caused by soil collapses or sliding due to lateral 
incisions from the flow. The variation of the side slope fluctuates due to 
the random slumping of soil blocks from the dam. The side slope β varies 
between the ranges of 50◦ - 60◦ and 43◦ - 54◦ for dams No.1 and No. 2, 
respectively (Fig. 13d). In addition, the breach area Sd at the down
stream shoulder develops earlier and faster than the upstream shoulder 
Su for Dam No. 1 (Fig. 13b). This further proves that the breach develops 
gradually from the downstream shoulder towards the upstream. 

Stage 3: Attenuation of outburst floods. As the upstream water level 
decreases and the breach further enlarges, the outburst discharge 
gradually decreases (Fig. 13a). The kinetic energy of the flood is now too 
small to overcome the resistance of soils and could not further trigger 
slope failures. Variation in the breach area Sb (Fig. 13b) and the side 

Fig. 10. The breaching process for dam No. 1. Erosion point indicates the initiation of headcut.  
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slope angle β (Fig. 13d) are now minimal. The residual side slope angle β 
for Dam No. 1 is larger than Dam No. 2 (Fig. 13d). These three stages of 
landslide dam failure are consistent with the variations of breach area, 
breach width, side slope angle, and outburst discharge. 

3.2.3. Hydraulic Characteristics of the Breach Crest 
The dam breach process is a complex spatial-temporal phenomenon, 

making it challenging to model physically. The time-dependent hydro
graph of outburst flow for dam breach (e.g., Eq. (3)) is one method used 
to calculate the outflow discharge. On the other hand, because the water 
flow over the landslide dam crest is similar to the flow over a broad-crest 
weir, the broad crested weir equation is adopted to estimate the outflow 
discharge and can be written as (Chanson, 2004): 

Q = CD
̅̅̅
g

√
(

2 /3 H
)3/2

(4)  

where CD is the discharge coefficient, g is the acceleration due to gravity, 
and H is the total headwater. The coefficient (2/3)3/2 is derived from the 
analysis of the ideal broad-crested weir (Chanson, 2004, pp. 395–397). 

Moreover, based on the investigation of numerous dam failures, 
some researchers (e.g., Johnson and Illes, 1976; Singh and Snorrason, 
1984; FERC, 1987; Trieste, 1988) found that the width of the breach 

crest wb is normally 0.5 to 5.0 times greater the breach depth Hd. 
Generally, Hd can be approximated as the headwater H for landslide 
dams when overtopping failure occurs. The correlation between wb and 
Hd allows for the direct estimation of the outflow discharge Q through 
wb. The photogrammetry and pebble-motion analyses similar to those in 
Walder et al. (2015) are applied to describe the breach shape and evo
lution over time quantitatively (see Fig. 14). Here, the straight-line 
distance between the ends of the breach crest is wb (see Fig. 13c and 
d). Red arrows point to the direction of the transition of the discharge 
behavior between Stages 2 and 3. It can be observed that wb is positively 
correlated to Q in Stages 1 and 2, where the discharge is still increasing 
towards a maximum value. From this trend, the relationship between Q, 
and wb can be defined as: 

wb = 3.03
(
Q2/g

)1/5 (5) 

This sharp increase of wb with increasing Q agrees well with Walder 
et al. (2015). The close agreement is interesting since results from 
Walder et al. (2015) involve sediments with d50 = 0.21 mm, which is 
considerably finer than the experiments of this study. 

From Figs. 13c and 14, it is also noted that wb slowly and slightly 
decreases with decreasing Q at Stage 3. This is because the breach crest 
is not a feature of equilibrium morphology. Since wb primarily reflects 

Fig. 11. The breaching process for dam No. 2.  
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traction erosion and disturbance caused by slope failure, it may decrease 
with the hydrodynamic energy because of the decreasing outflow 
discharge. Furthermore, the breach width w (as a proxy for wb) 
measured at the top of the breach crest can also be considered a measure 
of the breach-channel width shaped primarily by the slope failures. It is 
relatively easy to determine w from the photographs obtained from 
cameras. Unlike the variation of wb with Q at Stage 3, w continues to 
grow due to the episodic slope failures even after the outflow discharge 
decreases at Stage 3. 

The grain size distributions of dam soil are another potential factor 
influencing the outburst flood. For example, Pickert et al. (2011) con
ducted experiments and concluded that coarser materials could result in 
a faster breaching process. However, Schmocker and Hager (2012) 
pointed out that the erosion process slowed down with the increased 
sediment size after the initial overtopping phase. Hakimzadeh et al. 
(2014) also showed that as d50 increased from 0.25 to 2 mm, the peak 
flow decreased slightly. We analyze the dependence of the breaching 
process on the grain size using data obtained from this study (d50 = 12.4 
mm) as well as from the data of Coleman et al. (2002) (d50 = 0.5–2.4 
mm) and Walder et al. (2015) (d50 = 0.21 mm). As illustrated in Fig. 15, 
good agreement is observed between the measurements obtained from 
Dam No. 2 and the data of Coleman et al. (2002) and Walder et al. 
(2015). The data fall within the 90% confidence interval (see the light 
grey band in Fig. 15) of the best-fit equation: 

log
(

Q
g1/2d50

5/2

)

= 2.5log
(

wb

d50

)

− 1.78 (6)  

which is equivalent to 

Q = 0.016g1/2wb
5/2 (7) 

Eq. (7) indicates that d50 has less influence on the outflow discharge 
Q for Dam No. 2 than for Dam No. 1. A different best-fit equation for 
Dam No. 1 is obtained and is formally written as: 

log
(

Q
g1/2d50

5/2

)

= 1.36log
(

wb

d50

)

+ 1.23 (8)  

which can be re-arranged to yield: 

Q = 16.982g1/2wb
5/2

(
d50

wb

)1.14

(9) 

Eq. (9) implies that the outflow discharge for Dam No. 1 has a pos
itive relationship with the mean particle diameter (d50). 

3.3. Influence of outburst flood on channel morphology 

The channel topographies downstream before and after the dam 
failure are obtained by a 3D scanner. The topography differences are 
estimated and are projected as contour maps in Fig. 16. The positive 
values represent deposition, while the negative values represent erosion. 
A clear difference is observed between the deposits of these two dams. 
For Dam No. 1, deposition dominates at the dam toe, which is evident 
until x = 15 m. Farther away from the dam, obvious signs of erosion can 
be observed with limited local accumulation. For Dam No. 2, the 
downstream channel is mainly scoured for the first 15 m, after which 
deposition gradually develops along the flow direction. 

Fig. 17a and b compare the initial and final topographies of the 
longitudinal profiles of dams No. 1 and 2 as well as their difference along 
the center of the breach. Generally, linear bed profiles are observed 
before and after the failure of both dams. Although the inflow rate, 
upstream water level, storage capacity, and granular materials of the 
two dams are the same, the ranges of deposition (above the dashed line) 
and erosion (below the dashed line) occur at different positions. This 
may be attributed to the difference in the hydrographs of the dams. For 
Dam No. 1, a relatively low outburst flow rate and a long breach time 
limit the ability of the breach floods to scour the downstream channel, 
especially at Stage 3, resulting in the dominance of deposition behind 
the dam. However, the failure of Dam No. 2 is rapid, which effectively 

Fig. 12. Snapshots of the typical lateral breach process for dams (a-b) No.1 and (c-d) No. 2.  
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results in a peak discharge that is larger than that of Dam No. 1. The 
outburst flow scours the downstream channel, especially at the dam toe. 
This is followed by the gradual reduction of the flow velocity and 
deposition of soil material along the channel. The results indicate that 
the magnitude of the outburst of floods from the landslide dam failure 
significantly influences the downstream channel topography. 

We also analyze the variation of the particle composition at the 
downstream channel bed from x = 0 m to x = 35 m before and after dam 
failure. Fig. 17c and d show the characteristics of the grain size distri
butions (d5, d16, d50, d84, and d95) and sorting indices. Particle sizes 
(both fine and coarse) are found to vary periodically along the channel 
bed. Although most grain sizes along the flow direction at the post- 
failure channel bed, are smaller than the original materials at the 
channel bed, they do not follow an exponential (or linear) decline. In 
other words, grain sizes do not significantly decrease along flow direc
tion (i.e., lack of downstream fining). The change of grain sizes along the 
longitudinal direction can be described as a sinusoidal function of the 
form: 

di

do
= Asin

(
2π
T

x+ β
)

+α (10)  

where x denotes the downstream distance from the dam, A is the 
amplitude of the variation, 2π/ T is the frequency, T is the period of the 
variation, β is the phase angle, and α represents the average value 
around which the data varies. The sum of the squared error (SSE =
∑n

i=1wi(di/do − di/do)
2) is used to quantify the fitness of the curves for 

each mean grain size. The possible range of SSE is [0, +∞], where an SSE 
of zero indicates a highly optimized fitting. All parameter values are 
shown in Fig. 17c. 

Results show that the period of variation for each particle size is 
similar (~6.0 m) for both dams, although the T value of Dam No.1 is 
slightly lower (~11%) than that of Dam No.2. The value of β is different 
for the two dams, indicating that the shifted positions of the curves 
relative to the origin are dissimilar. The curves for Dam No.1 have larger 
values of A and α relative to Dam No.2, which suggests that bed particles 

Fig. 13. Hydrological evolution of landslide dam breaching defined through 
the (a) outburst discharge and the reservoir water level, (b) breach area, (c) 
straight-line distance of breach, and (d) side slope of the breach. 

Fig. 14. Relationship between breach widthwband outflow discharge. Arrows 
indicate the direction of the change in discharge with time. 

Fig. 15. Dimensionless outflow discharge (Q/

̅̅̅̅̅̅̅̅̅

gd5
50

√

) as a function of the 
dimensionless breach crest width (wb/d50) in log-scale. 
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downstream Dam No.2 are better sorted than Dam No.1. Thus, to a 
certain extent, the difference in the hydrological processes of the two 
collapsed dams is reflected in their respective modes of grain size vari
ation. The fluctuation of particle size along the channel bed can be 
attributed to the oscillatory motion of the outburst flood and is an 
externalization of the fluid inertia. Unsteady and non-uniform outburst 
floods continue to erode the dam and entrain particles of different sizes 
onto the river bed, resulting in a poor sorting phenomenon. The value of 
the invariable sorting index (~1.7) also verifies the limited degree of 
fining (Fig. 17d). 

4. Discussion 

4.1. Two different failure mechanisms 

From the experimental results presented in the preceding chapters, 
significant differences are observed between the deformation, the 
outburst flooding, and the downstream channel morphology of the two 
landslide dams. Here, we try to explore the differences in their settle
ment deformation. The two dams have the same height and material 
composition, experience the same inflow discharge, and are distinct only 
in their length Lb. This difference can influence the seepage flow, in 

other words, the path the water takes while inside the dam body. 
Based on Darcy’s law, which defines the relationship between the 

hydraulic conductivity and the hydraulic permeability (Yolcubal et al., 
2004), and the Hazen approximation (Hazen, 1911; Krumbein, 1934; 
Alyamani and Sen, 1993), the flow discharge through a porous medium 
of soils can be expressed as: 

q = Cd10
2ρg

μ
Δh
ΔL

(11)  

where, C is a coefficient that reflects the soil characteristics, such as 
packing geometry, grain morphology, pore size, and grain-size distri
bution. d10 is the diameter of the tenth percentile (by weight) grain size 
of the soil, ρ is the fluid density, g is the gravitational acceleration, μ is 
the dynamic viscosity, Δh is the total water head difference along with 
the seepage distance (ΔL). The ratio of water head difference and its 
horizontal exfiltration length is the hydraulic gradient (j = Δh/ΔL). For 
the two dams constructed in this study, the parameters in Eq. (11) that 
affect seepage flow discharge are almost identical except for the seepage 
path length (ΔL). The seepage path length (ΔL) in Dam No. 1 is nearly 
1.8 times longer than in Dam No. 2, resulting in greater seepage 
discharge for Dam No. 2. 

We used a commercially available finite-element hydrology program 
SEEP/W, which is a part of the Geo-Studio software (Geo-Slope Inter
national Ltd., https://www.geoslope.com/products/geostudio), to 
conduct transient seepage analysis. The transient seepage calculation for 
2D unsaturated soils is based on Richards’ equation (Richards, 1931), 

∂
∂x

(

kx
∂H
∂x

)

+
∂
∂z

(

kz
∂H
∂z

)

+Qs = mwγw
∂H
∂t

(12)  

where kx and kz are the permeability coefficients parallel (x) and 
perpendicular (z) to the flow direction, respectively. H is the total water 
head, which is the sum of the elevation head, pressure head, and velocity 
head. Qs is the applied boundary flux, mw is the slope of the volumetric 
water retention curve (SWCC), γw is the unit weight of water, and t is the 
time. 

The geometry of the simulated dams is identical to those adopted in 
the experiments. Recall that in the experiments, the water level reaches 
the notch (H = 1.8 m), following a constant inflow discharge of ≈0.1m3/ 
s, in t = 5400 s. The same inflow conditions are adopted in the simu
lations to maintain consistency. The unsaturated soil properties defined 
through experiments (SWCC curve of bulk density of 1570 kg/m3 in 
Fig. 6) are also used as inputs for the simulation. As direct measurement 
of the permeability of unsaturated soils is time-consuming and costly 
when conducted in the field, we only tested the saturated permeability 
of the soil (2.89 e-05 m/s). The method proposed by Fredlund et al. 
(1994) is then used to estimate the hydraulic permeability function 
based on the SWCC. The SWCC and hydraulic permeability functions 
used in the numerical simulation are summarized in Table 2. In addition, 
the potential seepage face is on the downstream dam surface. Down
stream of the dam toe, a zero pressure head boundary condition is 
assigned to the ground surface. The bottom of the modeled dam is also 
assumed to be impermeable. 

The distribution of the seepage flow rate and pore water pressure 
inside the dam body (t = 5400 s) are shown in Fig. 18. The maximum 
seepage flow rate for the two dams is similar, and both occur at the 
upstream crest. The seepage flow rates decrease along the x-direction, 
consistent with the energy conservation. However, we observed some 
differences between the two dams. Firstly, the phreatic water surface 
inside Dam No. 1 only reached the downstream dam toe (Fig. 18a1), 
whereas the flow permeated throughout the dam body and reached the 
middle of the downstream dam face in Dam No. 2 (Fig. 18b1). Secondly, 
the seepage flow rates at the downstream toe of Dam No. 1 are close to 
zero, whereas they are approximately half of the maximum seepage flow 
rate at the downstream toe of Dam No. 2. These results agree with the 
seepage exposed position observed in the experimental tests (Figs. 10a 

Fig. 16. Variation of the bed topography at the downstream channel of (a) dam 
No. 1 and (b) dam No. 2. 
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Fig. 17. Downstream variations in elevation for dams (a) No.1 (y = 4.0 m) and (b) No. 2 (y = 6.0 m). (c) Periodic variation in the typical particle sizes and (d) the 
distribution of sorting index along the center of the breach from 0 to 35 m. 
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and 11a). Thirdly, most parts of Dam No. 1 endure negative pore pres
sures (Fig. 18a2, unsaturated state), whereas pore pressure is mostly 
positive within the body of Dam No. 2 (Fig. 18b2, saturated state). This 
is consistent with previous research wherein seepage flow is found to 
increase positive pore pressures in saturated soils (Fredlund, 2006). The 
results indicate that there is minimal seepage flows in Dam No. 1, 
whereas seepage flows are intense in Dam No. 2. 

The mass fraction of fines content (<0.063 mm) is 3.89%, less than 
5%; and the ratio of (CH/CF)min = 0.63 < 1.0 (CF = mass fraction of 
particles finer than grain size d, CH = mass fraction of particles ranging 
from d to 4d). According to the geometric criteria proposed by Chang 
and Zhang (2013b), Well-graded materials are internally unstable. For 
internally unstable materials, once the fine particles are washed away, 
the permeability of the material increases, which may induce the 
reduction of the shear strength, resulting in the dam’s failure. 

During steady-state seepage, the change from being unsaturated to a 
saturated state induces high hydraulic gradients, reducing soil cohesion. 
This increases the force that accelerates soil movement, exfiltration, and 
entrainment. Such force can be described by the expression previously 
developed by Cheng and Chiew (1999): 

FSS =
jρgπd3

6(1 − ε) (13)  

where Fss is seepage force per unit volume, εis the porosity, and d is the 
particle diameter. The seepage force is influenced by the hydraulic 
gradient (i.e., j = Δh/ΔL) and the porosity. A large hydraulic gradient in 
Dam No. 2 may result in high seepage flow discharges and the washing 
away of fine particles. As the soil porosity increases, seepage forces in
crease accordingly. This further promotes the erosion of soil grains and 
therefore influences the stability of the dam. 

Seepage erosion changes landslide dam failure by altering the in
ternal stress conditions, soil deformation, and migration of fine particles 
(Chen et al., 2020). In Dam No.1, the relatively long seepage path and 
small hydraulic gradients result in weak seepage flow. The seepage 
forces (Eq. 13) are too small to overcome the soil stress condition, 
resulting in minimal migration of fine particles and negligible dam 
deformation (see Fig. 7). The unsaturated soil structures maintain strong 
force chains that resist erosion due to overtopping flow, resulting in 
relatively long dam breach durations and small peak discharges (see 
Fig. 13). For Dam No. 2, the strong seepage flows penetrate the dam 
body (see Fig. 18b1) and induce the incessant saturation of soils, 
resulting in reduced effective stress of materials. Furthermore, the high 
hydraulic gradients induce the detachment and transport of fine parti
cles. As more fine particles are washed away, force chains buckle and 
break from the lack of structural support, causing the dam to deform (see 
Fig. 8) (Chen et al., 2020). In this condition (“overtopping and seepage” 
failure mode), the outburst flood discharge is independent of the grain 

size. However, Q is observed to slightly increase with d50 in the over
topping failure mode (Dam No. 1) (see Fig. 15). Additional investigation 
is needed to verify the relationship between the discharge and grain size 
for each of the failure modes. Generally, seepage flows play an essential 
role in the failure of landslide dams: high amounts of seepage flows 
result in a wetter dam body and larger seepage forces which decrease the 
stability of the dam, accelerate the breach process, and increase the 
magnitude of the subsequent outburst floods. Furthermore, the flood 
significantly erodes the downstream channel bed. The results suggest 
that accounting for seepage flow in the overtopping failure is important 
for the proper estimation of discharge and range of inundation, both of 
which are necessary for developing emergency preparedness measures. 
When a landslide dam is identified, seepage effects need to be consid
ered for risk management and mitigation design, especially when the 
incoming flows are large and the longitudinal lengths of the dams are 
small. 

4.2. Grain size downstream fining 

In outburst flood channels, the grain size downstream fining is linked 
to sediment sorting, channel topography, and flow patterns. Size- 
selective sediment entrainment based on bed shear stress or discharge 
provides a potential explanation for the absence of sediment fining. 
Grains are moved when the bed shear stress exerted on the grains is 
greater than a critical value. Shields (1936) proposed a dimensionless 
parameter (τc*) to assess critical flow conditions for sediment entrain
ment. The critical shear stress (τc, in N/m2) for bed particle entrainment 
can be written as follows: 

τc = τ*
c(ρs − ρw)gd50 (14)  

where ρw and ρs denote the density (kg/m3) of water and sediment, 
respectively. g is the acceleration due to gravity. The dimensionless 
Shields number (τc*) is calculated using the expression proposed by 
Ferguson (2012), which suits very steep gravel-bed rivers: 

τ*
c = S0.32(d84/d50)

0.23 (15)  

where S is the dimensionless energy gradient and is commonly 
approximated by the channel slope. 

In addition to the Shields method, two other critical shear stress 
formulas, proposed by Engelund (1965) and Frings (2008), are also 
tested in this study: 

τc,i =
0.1(ρs − ρw)gdi
[
lg
(

19 di
d50

) ]2 (16)  

τc,i = a(ρs − ρw)gdi

[
di

d50

]− HE

(17)  

where di is the grain size of fraction i, τc,i is the critical bed shear stress 
for fraction i. a is an empirical constant, representing the Shields 
dimensionless coefficient when the sediment is homogeneous, i.e., di / 
d50 = 1. HE is the hiding-exposure coefficient, derived from the Shields 
function, which typically assumes values within the range from 0.29 to 
1, and indicates whether entrainment is selective or equal. Equal 
entrainment mobility prevails if HE = 1, and the more HE deviates from 
1, the stronger the degree of selective entrainment will be. Andrews 
(1983) obtained a = 0.0834 and HE = 0.872 using the data from three 
natural gravel-sand riverbeds composed of nonuniformly sized mate
rials, similar to what is used in this study. 

As an alternative, the critical discharge has been described as an 
attractive method for predicting sediment transport because it is rela
tively easy to obtain the inputs. The critical discharge formulas proposed 
by Indri (1941), Meyer-Peter et al. (1934), Bathurst et al. (1987), and 
Schoklitsch (1962) are computed in this study: 

Table 2 
Soil parameters used in the seepage numerical model.  

Soil-water characteristic curve 
(SWCC) 

Hydraulic permeability functionsa 

Volumetric 
water content 

Matrix 
suction 
(kPa) 

Hydraulic conductivity in x- 
and z- direction, Kx = Kz (m/s) 

Matrix 
suction 
(kPa) 

0.39892 0.10 2.89e-05 0.00 
0.38047 4.00 2.10e-05 0.10 
0.36607 6.00 1.70e-05 0.34 
0.34353 12.00 1.15e-05 1.11 
0.30836 25.00 5.37e-06 3.60 
0.24056 50.00 1.14e-06 11.70 
0.18643 100.00 8.44e-08 37.96 
0.15558 200.00 3.24e-09 123.23 
0.14894 400.00 1.02e-10 400.00  

a Note: the hydraulic permeability function was obtained using the method of 
Fredlund et al. (1994). 
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Qc = [τc/(ρwgm1S) ]1/n1 (18)  

Qc =
[
0.07(dm/S)1.5m2

]1/(1− n2)

(19)  

Qc =
[
0.15g0.5d16

1.5S− 1.12m2
]1/(1− n2) (20)  

Qc =
{

0.26[(ρs − ρw)/ρw ]
5/3d40

1.5S− 7/6m2

}1/(1− n2)

(21)  

where m1 = 0.2354, m2 = 4.789, n1 = 0.2266, and n2 = 0.1970 are 
empirical coefficients associated with the hydraulic radius and width 
along the flow cross-section. dm is the mean diameter, which is usually 
represented by the median grain size d50, and S is the mean bed gradient 
of the river. 

Both the critical shear stress and the critical discharge values for 
different reference diameters obtained by the formulas mentioned above 

are summarized in Table 3. When applying the Shields function (Eq. 
(14)) to sediments, a characteristic grain size (d50) is usually chosen to 
represent the entire grain size distribution. This equation assumes that 
all grain sizes have equal mobility when bed shear stress (τ) greatly 
exceeds the critical shear stress (τc). Some empirical thresholds, such as 
τ/τc > 1.4 (Parker and Klingeman, 1982) and τ/τc > 2.0 (Wilcock, 1992), 
are recognized as equal mobility conditions. The critical shear stress 
estimated from Eq. (14) is equal to 104.17 N/m2 in our study. We chose 
the mean flow depths h = 0.45 m (Dam No. 1) and 0.60 m (Dam No. 2) 
through visual inspection of the water level gauge installed downstream 
of the dams. The bed shear stresses (τ = ρwghS, where h denotes mean 
flow depth) are 231.32 N/m2 for Dam No. 1 and 308.43 N/m2 for Dam 
No. 2, indicating that both cases satisfy the equal mobility condition, 
which assumes that all particles have an equal chance of being trans
ported downstream. In addition, Montgomery et al. (1999) reported that 
equal mobility could be attained when the discharge is 2.5 times larger 

Fig. 18. The distribution of (a1 and b1) seepage rates and (a2 and b2) pore water pressures at 5400 s for dam No. 1 and dam No. 2. Field tests pictures showing the 
locations of seepage flow. 
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than the critical discharge for incipient motion. In our study, the peak 
discharge (see Fig. 13a) of Dam No. 1 (1.77 m3/s) and Dam No. 2 (3.38 
m3/s) is 3.4 times and 6.5 times larger than the critical discharge (0.52 
m3/s) calculated by Eq. (18). This suggests all particles will experience 
equal mobility during the experiments. 

Besides the critical shear force on representative particle d50, 
different critical shear stresses (τc,i) are used in heterogeneous sediments 
for each grain size fraction (i). We tested a series of characteristic di
ameters ranging from fine to coarse grain size fractions using Eqs. (16) 
and (17), and are shown in Table 3. Generally, the critical shear stresses 
derived from two equations increase with the increase of the grain size 
and are an order of magnitude smaller than the calculated Shields 
number (Eq. (14)). Note that the portion of the coarse particles (e.g., d84 
and d95) have smaller critical shear stresses than they would have 
relative to uniform sediments. This is different for the portion of the fine 
particles (e.g., d5), which have larger critical shear stresses instead. This 
can be explained by hiding and exposure effects in non-uniform sedi
ment mixtures: coarser particles are more exposed to the flow while 
finer particles are hidden between coarser particles (Frings, 2008). 
Hiding-exposure effects reduce the differences in critical shear stress 
between the various grain-size fractions, making the entrainment pro
cess weakly size-selective than indicated by Shields theory, thereby 
promoting equal mobility. The bed shear stress (τ) in our study is larger 
than the τc,i for both the fine and coarse grain size fractions, which 
satisfies the requirement for equal mobility entrainment. The grain size 
distribution also controls the hiding-exposure effect. Weakly bimodal 
sediments exhibit pronounced hiding-exposure effects, which in turn 
cause equal entrainment mobility (Wilcock, 1993; Frings, 2008; Tur
owski et al., 2009). Recall that the bimodality index B* = 1.64, calcu
lated using Eq. (1), is smaller than the limit value of 1.7 (Wilcock, 1993), 
indicating that the sediments used in this study are weakly bimodal. 
Hiding-exposure effects are pronounced, and the sediment entrainment 
process is less size-selective, which means that the particles in our ex
periments are equally mobile. 

Similarly, a positive correlation is observed between critical 
discharge and grain size (Table 3). The critical discharges are larger than 
the original values since reference diameters are larger than those used 
in the original works. Eqs. (19), (20), and (21) show similar critical 
discharge for the same reference diameters. It is worth noting that when 
d95 of the coarsest sample is entered into these equations, the largest 
critical discharge is 1.18 m3/s, which is less than the peak discharge (see 
Fig. 13a) for Dam No. 1 (1.77 m3/s) and Dam No. 2 (3.38 m3/s). This 
indicates that less grain-size-selective entrainment in the overall sedi
ment transport process. This study shows that equal mobility likely oc
curs for very high-magnitude flows like infrequent flood events similar 
to those in Mao and Lenzi (2007). 

Equal entrainment mobility (caused by high shear stress or 
discharge) enables the transport of all gravel-size fractions in the bed but 
diminishes the potential for downstream fining. Another potential 

reason is the unchanged linear bed profile (see Fig. 17a and b). The 
sediment transport must be equal over the entire domain to keep this 
equilibrium bed profile. This also indicates that sediment transport in 
this condition no longer depends on grain size. 

In addition, the experimental data illustrates a periodic variation in 
the particle size (Fig. 17c) and is characterized by a sinusoidal function 
rather than an exponentially decreasing trend. This variation is probably 
due to (1) the wide range of grain sizes of materials (Folk and Ward, 
1957), (2) the continuous supply of soils from the eroded dams, and (3) 
the removal of coarser sediments deposited during earlier aggradation 
phases by the flood. The non-uniform relationship between grain size 
and distance suggests that simple proximal to distal models may be 
inappropriate for landslide dam failure sedimentary sequences since 
‘proximal’ and ‘distal’ conditions may repeatedly occur along the 
downstream direction. 

5. Conclusions 

Large-scale field modeling tests are conducted to understand the 
potential effects of seepage flow on the dam settlement, deformation, 
overtopping failure processes, and the variation of channel morphology 
caused by outburst flood. From the analysis of the experimental results, 
we can conclude that: 

(1) Seepage flows can significantly influence the landslide dam sta
bility. The maximum settlement deformation of Dam No. 1 
(0.084 m) was only 22% of the maximum settlement deformation 
of Dam No. 2 (0.379 m). The seepage flow did not reach the 
downstream dam face before the overtopping occurred in Dam 
No. 1. However, significant seepage flow is evident at the 
downstream surface of Dam No. 2, indicating that the failure is 
induced by the coupling of seepage flow and overtopping water.  

(2) Seepage flows accelerate the overtopping failure (two to three 
times faster) and double the magnitude of outburst discharge. 
The discharge develops simultaneously with the breach size (e.g., 
breach area and breach width). The outburst discharge of Dam 
No. 1 is significantly influenced by the grain size d50, whereas d50 
has minimal influence on Dam No. 2.  

(3) The topography of the downstream channel is controlled by the 
outburst flood induced by the coupling of the overtopping and 
seepage flows. If the dam failure is caused by the coupling of 
seepage and overtopping flows (e.g., Dam No. 2), the channel bed 
close to the downstream dam toe will be eroded with deposition 
later. This is different from the processes wherein only over
topping is considered (e.g., Dam No. 1). In such cases, deposition 
mainly forms downstream. The equal entrainment mobility 
caused by high shear stress or discharge and the stable linear 
longitudinal profile decreases the downstream fining by enabling 
transport for all particles in the channel bed. 

Generally, the seepage flows in landslide dams play an essential role 
in landslide dam failure. The seepage flows result in severe settlement 
deformation, accelerate the erosion process, and amplify the outburst 
flood during the overtopping breach. The “overtopping and seepage” 
failure mode is more dangerous than the overtopping mode. 
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Table 3 
Critical shear stress (τc) and critical discharge (Qc) are obtained by the formulas 
analyzed in the text (see reference numbers). Values derived from the charac
teristic diameters different from those used in the original formulas are shown in 
brackets.  

Item Eq. d5 d16 d50 d84 d95 

Critical shear 
stress (N 
m− 2) 

(14) (2.52) (18.48) 104.17 (364.10) (458.83) 
(16) 4.26 12.79 12.27 21.13 23.91 
(17) 10.4 13.42 16.74 19.65 20.24 

Critical 
discharge 
(m3/s) 

(18) 
(3.80e- 
08) 

(2.50e- 
04) 0.52 (129.19) (358.48) 

(19) 
(1.66e- 
05) 

(6.87e- 
04) 

1.74e- 
02 

(1.80e- 
01) 

(2.77e- 
01) 

(20) (4.41e- 
05) 

1.82e- 
03 

(4.61e- 
02) 

(4.77e- 
01) 

(7.35e- 
01) 

(21) 
(7.08e- 
05) 

(2.93e- 
03) 

(7.40e- 
02) 

(7.66e- 
01) 

(1.18e- 
00)  
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