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Failure characteristics of landslide dams  
considering dam formation features  
in laboratory experiments

Abstract The geometries and material properties of a landslide 
dam depend on the dam formation process and affect the breach-
ing process. A comprehensive understanding of the entire process 
of dam formation and breach is necessary for a more accurate 
analysis of the dam stability and failure characteristics, but little 
research has been done in this area. In this study, the effects of 
debris composition, sliding width, and valley shape on dam breach-
ing by considering dam formation features were experimentally 
investigated. Results reveal that the stability and failure modes of 
landslide dams are predominantly governed by the debris composi-
tion. The dam stability increases with mean grain size, especially 
the grain size at the overflow location. Dam height and width are 
largely influenced by debris composition and sliding width, and the 
lake volume is highly dependent on the valley shape. The arrival 
time of peak discharge for balance-grained dams is more related to 
the dam height than the lake volume, while fine-grained dams are 
the opposite. The peak discharge is significantly influenced by the 
lake volume and released water volume, while the effects of dam 
height, downstream slope, and lake shape coefficient are negligible. 
Balance-grained dams exhibit two longitudinal evolution models in 
different shaped valleys. The evolution model of fine-grained dams 
is different from that of balance-grained dams and is independent 
of valley shape. This study improves our current understanding of 
the whole process of landslide dams from formation to failure and 
the effects of dam formation features on dam breaching.

Keywords Breach evolution · Landslide dam · Overtopping 
failure · Particle distribution · Valley shape

Introduction

Landslide dams are common phenomena in mountainous regions 
when the river channels are blocked by avalanches, slides, flows, 
and glacial ice (Costa and Schuster 1988; Casagli et al. 2003). Due 
to the complexity and irregularity in their instantaneous formation 
process, these dams typically comprise of heterogeneous mass of 
unconsolidated soil and rock materials in an unstable state, making 
them vulnerable to sudden burst and hence hazardous (Xu et al. 
2009; Chang and Zhang 2010; Zhong et al. 2018). Once a landslide 
dam fails, the outburst floods caused by a rapid release of impound 
water can exacerbate the scope and scale of the hazard both in 
space and time (Yin et al. 2009; Fan et al. 2020; Zheng et al. 2022). 
For example, the largest dam formed during the Diexi earthquake 
in 1933 broke after 45 days of its formation, resulting in a flood that 
caused 2500 deaths and affected areas over 250 km downstream 
(Dai et al. 2021). A catastrophic flood resulting from the failure of 

the Yigong landslide dam in 2000 destroyed much of highways, 
bridges, communication cables, and dense forests across the Yigong 
River (Shang et al. 2003); the outburst flood traveled over 500 km 
south into India, with a recorded 5.5-m rise in water level at a dis-
tance of 462 km from the breached dam (Delaney and Evans 2015). 
Therefore, it is a critical issue in risk management and hazard miti-
gation to evaluate the stability and breaching process of a landslide 
dam after its formation.

The stability and failure of a landslide dam is affected by many 
factors that characterize the dam, valley, and hydraulic conditions. 
The characteristics of the landslide dam (i.e., composition materials, 
geometry, and particle size distribution) are closely related to the 
potential energy of the impound water and dam erodibility, influenc-
ing the stability of landslide dam and the dam-breach flood (Costa 
and Schuster 1988; Cui et al. 2009; Fan et al. 2020). Due to the dif-
ficulty of field tests, flume tests are commonly used to investigate 
landslide dam failure by constructing model dams. In these studies, 
the pre-built dams have regular shapes (i.e., trapezoid or triangle) 
and homogeneous internal structure. Based on flume model tests, 
the influence of dam geometry, dam material, and inflow rate on the 
failure process (Chen et al. 2015; Jiang et al. 2018; Zhu et al. 2020), ero-
sion characteristics, and breach evolution process of landslide dams 
(Zhou et al. 2019a; Ruan et al. 2021; Zhu et al. 2021) has been studied. 
Although these studies have built a strong foundation for under-
standing the instability and breaching process of landslide dams, 
irregularities in dam deposit morphology and internal structure 
have not been fully considered. It is unclear whether these research 
findings are applicable to natural landslide dams. In addition, the val-
ley shape has often been neglected for practical reasons, although it 
has a profound effect on the geometric characteristics of a landslide 
dam and lake volume (Walder and O’Connor 1997; Yin et al. 2009).

In fact, the failure of a landslide dam involves a disaster chain 
consisting of a landslide, dam formation, landslide-dammed lake, 
and progressive dam failure (Liu and He 2018; Fan et al. 2019, 2020). 
In existing studies, however, the landslide dam formation and dam 
failure are treated as two separate processes, ignoring the linkage 
between them. The dam morphology, a crucial factor for evaluat-
ing the hazard of a landslide dam, depends on the formation pro-
cess relevant to the topography of landslide and valley (Costa and 
Schuster 1988; Kuo et al. 2011; Zhao et al. 2019; Zhou et al. 2021). The 
particle size distribution and geotechnical properties at different 
parts of a landslide dam are quite different due to fragmentation, 
particle segregation, and different formation processes (Dunning 
and Armitage 2011; Zhou et al. 2019b, c; Mei et al. 2021). Therefore, it 
is necessary to investigate the stability and failure of landslide dams 
considering the process and features of dam formation.
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In this study, a series of physical model tests were conducted to 
reproduce the entire process, involving the deposition of a granular 
sliding mass into a valley and the formation of a landslide dam. The 
effects of material composition, width of the sliding path, and valley 
shape on the stability and breaching process of landslide dams were 
investigated, providing new insights into the landslide dam failure. 
In the following sections, the experimental testing program is first 
presented, followed by descriptions of the dam formation features 
and failure characteristics of landslide dams. Finally, mechanisms 
that control the stability and breach process are discussed.

Methods

Experimental materials

The grain compositions of the released material were based on 
three typical grain size distribution (GSD) curves selected from 
the Xiaogangjian landslide dam, Donghekou landslide dam, and 
Tangjiashan landslide dam materials reported by Chang and Zhang 
(2010) and Chang et al. (2011). Figure 1 shows these GSD curves, 
which were prepared by mixing silica sand and gravel with dif-
ferent particle sizes. According to the dam material classification 
proposed by Casagli et al. (2003) and Zhu et al. (2020), the debris 
types can be regarded as coarse-grained, balance-grained, and fine-
grained, which can be classified as GW (well-graded gravel with 
sand), SP (poorly graded sand with gravel), and SP (poorly graded 
sand), respectively, according to the unified soil classification sys-
tem. The coarse-grained debris and balance-grained debris have a 

maximum particle diameter of 40 mm, whereas the fine-grained 
debris has a maximum particle diameter of 2 mm.

Table 1 shows several properties of the released materi-
als. The cohesion of these materials was zero, and the inter-
nal friction angles were measured by the draw down test with 
an upper box (500 mm × 400 mm × 500 mm) and lower box 
(600 mm × 400 mm × 400 mm) based on Roessler et al. (2019). Con-
sidering that the dam deposits were formed by natural accumula-
tion, the densities of the dam deposit were different. Thus, the satu-
rated hydraulic conductivity k of the debris material was measured 
at the same dry density as the corresponding dam deposits using 
the constant-head hydraulic conductivity test (Iverson et al. 2010).

Experimental setup

The experimental setup consists of two chutes connected to a hori-
zontal flume of 5.0 m long and 0.4 m wide (Fig. 2a). The two chutes 
represent the landslide source area and the sliding area, while the 
flume represents the river valley (Fig. 2a and b). The center line of 
the chutes was located 3.0 m away from the water intake with an 
angle of 90°. The upper and lower chutes had respective lengths of 
1.5 m and 2.0 m, and the width of sliding path ( Wl ) could be adjust-
able. The inclination angles of the upper (β) and lower (α) chutes 
could be independently adjusted from 20 to 70°. According to the 
slope data of 84 landslide cases compiled by Fan and Qiao (2010), 
the angles of the landslide source area and the sliding area were 
in the range of 26 ~ 59° and 0 ~ 40°, respectively. In this study, the 
upper and lower chutes were fixed at angles of 45° and 30°, respec-
tively, within the respective ranges. A wood box with dimensions of 
0.5 m × 0.4 m × 0.4 m was located at the free end of the upper chute, 
where the debris material was released via a gate. Three shapes of 
transverse flume profiles (i.e., rectangular, trapezoidal, and triangu-
lar) were used to simulate various transverse characteristics of river 
valleys, and the cross-sectional area of each flume was constant at 
0.12  m2 (Fig. 2c). The inflow rate was kept at 1 L/s controlled by an 
electromagnetic flowmeter and a flow pipe valve.

The lateral walls of the chutes and flume were made of Plexiglass 
to allow observation. As shown in Fig. 2a and b, four digital video 
cameras were positioned to record the entire process from the 
release, to the formation of the dam, and to the potential breach-
ing failure under the constant inflow rate. Cameras 1 and 2 were 
placed on the two sides of the flume to observe the development of 
phreatic line and the dam breaching process longitudinally, cam-
era 3 was placed above the dam to observe the overall breaching 
process, and camera 4 was placed at the end of the flume to observe 
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Fig. 1   Grain size distribution of released material

Table 1   Properties of test 
materials

d50 is the median grain size, Cc and Cu are the coefficient of curvature and coefficient of uniformity, respec-
tively, c and ϕ are the cohesion and internal friction angle, respectively, ρd is the dry density, and k is the 
saturated hydraulic conductivity

Materials d
50

(mm) Cc Cu c (Pa) ϕ (°) �d(g/cm3) k 
(10−4 m/s)

Coarse-grained 12.50 2.7 18.2 0 37.2 1.98 241.1

Balance-grained 3.78 0.6 49.0 0 33 2.02 16.2

Fine-grained 0.86 1.4 4.3 0 27.3 1.70 7.3
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the progression of the breach width and depth. A 3D laser scanner 
was employed to obtain the morphological parameters of the dam 
deposit after dam formation and dam failure.

Experimental design and procedure

The purpose of this study is to investigate the effect of dam char-
acteristics under different conditions, including the GSD of sliding 
materials, sliding width, and valley shape, on landslide dam stabil-
ity and failure process. Thus, the relevant parameters varied in the 
experiments were the material composition (i.e., coarse-grained, 
balance-grained, and fine-grained), width of sliding path (i.e., 0.4 m 
and 1.2 m), and shape of transverse flume profiles (i.e., rectangular, 
trapezoidal, and triangular). A total of 18 tests were designed and 
shown in Table 2. In the test designation, N and W stand for the slid-
ing width of 0.4 m and 1.2 m, respectively; 1, 2, and 3 stand for rec-
tangular, trapezoidal, and triangular valley, respectively; and C, B, 
and F stand for coarse-grained, balance-grained, and fine-grained, 

respectively. For example, Test N-1C corresponds to a test done on 
a sliding width of 0.4 m (i.e., N) with the rectangular valley (i.e., 1) 
using coarse-grained debris (i.e., C).

For each test, the experimental setup was first adjusted to the test 
condition; the dry debris with all grains mixed uniformly was then 
released onto the upper chute and flowed into the river flume to 
form a landslide dam. The dam profile was scanned using a 3D laser 
scanner. Next, water was discharged into the flume at 1 L/s. After the 
breach profile reached constant or the outflow discharge remained 
equal to the inflow rate within 15 min, the breach process was con-
sidered to have ended. Finally, the residual dam profile was scanned.

Characteristics of dam deposits

Parameter definition

Different from previously tested dams which were pre-built in the 
flume, in this study, the morphology of dam deposits was irregular, 
and the particle distribution of dam deposits was heterogeneous. 

Fig. 2   Experimental setup: (a) top view; (b) side view; (c) geometry of three flume profiles

Table 2   Test matrix Material Rectangular valley (1) Trapezoidal valley (2) Triangular valley 
(3)

Wl: 0.4 m 1.2 m 0.4 m 1.2 m 0.4 m 1.2 m

C N-1C W-1C N-2C W-2C N-3C W-3C

B N-1B W-1B N-2B W-2B N-3B W-3B

F N-1F W-1F N-2F W-2F N-3F W-3F
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After processing the point clouds from the 3D laser scanner, the 
geometric parameters such as dam width ( Wd ), dam height ( Hd ), 
downstream slope ( �d ), crest surface frontal angle ( �c ), and lake 
volume ( Vl ) were obtained (Fig. 3). Dam width was characterized 
as the maximum width of the landslide dam measured along the 
river valley, neglecting the splash particles (which were discon-
nected from the main deposit); dam height was the height from 
the overflow point to the riverbed; crest surface frontal angle was 
the angle between the tangential line of the dam profile from the 
overflow point and the horizontal plane; and lake volume was the 
volume of dammed lake when the water level reached the overflow 
point. The downstream slope was measured on the longitudinal 
section through the overflow point in the case of rectangular valley 
and the longitudinal section across the centerline of the river valley 
in the cases of trapezoidal and triangular valley.

Geometrical parameters

Figure 4 shows the relationships between the geometry of dam 
deposits and the sliding path width, GSD of the material, and val-
ley shape. The dams had lower height but higher width for Wl = 
1.2 m than those for Wl = 0.4 m because the sliding mass can spread 
laterally along the chute with Wl = 1.2 m before entering the val-
ley, producing a relatively wider and lower deposit. As the gravel 
content decreased from coarse-grained to balance-grained to fine-
grained, the dam height decreased almost linearly, except for the 
tests in rectangular valley with Wl = 1.2 m (Fig. 4a). As the mean 
grain diameter decreased, the flow-front velocity into the valley 
decreased from 4.75 to 3.64 m/s. The number of particles reaching 
the opposite side also decreased, lowering the dam height. However, 
for the tests in rectangular valley with Wl = 1.2 m, the dam height 
shows an opposite trend, because the deposit was higher on the 
opposite side and the dam height was measured on the source side 
of coarse-grained and balance-grained dams.

The downstream slope of the dam deposits varied from 14 to 29° 
(Fig. 4c). This is consistent with the range of slope angles of 11 ~ 45° 
for natural landslide dams (Zheng et al. 2021). The angle of down-
stream slope was larger for Wl = 0.4 m than that for Wl = 1.2 m due 
to the confinement of the sidewall during sliding. The fine-grained 
dams generally have the smallest downstream slope angle among 
the three debris compositions tested due to its small internal fric-
tion angle (see Table 1). Test W-1C was an exception because the 
dam height was too small on the source side.

The crest surface frontal angle can be used as a parameter to 
infer the stability of the dam in cross-valley direction. A higher 
crest surface frontal angle implies that the dam crest is more prone 
to slump when breach erosion occurs. Figure 4d shows that the crest 
surface frontal angle increases with the decrease of mean grain 
diameter. Comparing �c values between the two sliding widths sug-
gests that the width of sliding path has little effect on the crest 
surface frontal angle. Test W-1C and Test W-1B as exceptions have 
a negative value which indicates that the overflow point is located 
on the source side.

In addition to dam geometry, the volume of dammed lake which 
is related to the potential energy of impound water is an important 
parameter affecting dam failure (Costa and Schuster 1988). The vol-
ume of dammed lake is mainly determined by the dam height and 
valley shape. The variation of the dammed lake volume with valley 
shape is shown in Fig. 5. Evidently, the volume of dammed lake was 
larger for Wl = 0.4 m than that for Wl = 1.2 m due to the higher dam 
height. In general, the volume of dammed lake decreased as the 
valley shape changed from rectangular to trapezoidal to triangu-
lar, except when the dam height in the rectangular valley was very 
small, such as the tests in rectangular valley with Wl = 1.2 m (i.e., 
Tests W-1C and W-1B).

Particle distribution

The selected PSDs have amplified particle segregation in this 
study. All the debris grains were homogenously mixed prior to 
release. Grain segregation occurred during the flow and deposi-
tion process. On the surface of the final dam deposit, fine sand 
particles were concentrated on the source side (Fig. 6b), and the 
coarse gravel particles were mainly concentrated at the distal end 
and near the opposite side (Fig. 6c). Furthermore, the coarse par-
ticles were more distributed in the surface layer of the deposit 
and less in the interior (Fig. 6d and e). This phenomenon is in 
accordance with the experimental observations of Schilirò et al. 
(2019) that rock avalanche deposits have an upper carapace facies 
mainly composed of coarse grains and a lower portion relatively 
rich in fine particles.

Scaling validation

Scaling plays a crucial role in physical modeling experiments and 
can be addressed by using dimensional analysis (Iverson 2015). 
Unlike most prebuild dams, the landslide dams in this study were 
formed through a deposition process mimicking natural condi-
tions; thus, there is no particular scale and regular dam shape. 
Peng and Zhang (2012) proposed three dimensionless coefficients 

( Hd

Wd
,
V
1∕3

d

Hd
 , and

V
1∕3

l

Hd
 ), based on 1239 landslide dam cases, to determine 

the geometrical characteristics of landslide dams and dammed 
lakes, affecting the breaching process. Zhou et al. (2019a) verified 
the reasonableness of a modeled dam by comparing these dimen-
sionless coefficients with those of landslide dams in the field. The 
three dimensionless coefficients of the dams in this study were 
evaluated against those of 250 landslide dams derived from the 
worldwide landslide database (Shen et al. 2020). Figure 7 shows the 
relationship between the ratio of dam height to dam width ( Hd

Wd
 ), Fig. 3   Geometric parameters of dam deposit: (a) isometric view; (b) 

side view (from downstream)
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dam shape coefficient ( 
V
1∕3

d

Hd
 ), and lake shape coefficient ( 

V
1∕3

l

Hd
 ). The 

dimensionless coefficients of all tested dams in this study were 
within the range of field data, suggesting that the dam deposits and 

Fig. 4   Variation of dam geom-
etries with debris composition: 
(a) dam height; (b) dam width; 
(c)downstream slope; (d) crest 
surface frontal angle

dammed lake in the experiments have realistic geometrical char-
acteristics and can be considered to represent natural landslide 
dams and dammed lakes.
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Failure characteristics of dam deposits

Failure types of dam deposits
Seepage equilibrium under overtopping

Figure 8 shows typical features of a stable dam formed by coarse-
grained debris using Test N-3C as an example. At T = 0 s, water 
started to enter the flume from the intake tank (Fig. 2). As water 
level rose gradually, a seepage path formed inside the dam. The 
seepage flow appeared at the toe of the downstream slope at T = 111 s 
(Fig. 8a) due to a relatively high hydraulic conductivity (Table 1); 
as the water level continued to rise, water overflowed the dam crest 
at T = 286 s (Fig. 8b). Eventually, the inflow discharge was balanced 
by the seepage flow and the overflow, with the upstream water level 
at 0.23 m. The dam deposits remained stable, which corresponds 
to the case of overtopping without erosion in the classification of 
Xu et al. (2009).

The coarse-grained debris is classified as a well-graded gravel 
with sand, in which coarse gravel particles are the dominant con-
stituents. Although a complete seepage path formed easily in the 
dam deposits and few fine sand particles were eroded by the seep-
age flow, the internal structure remained stable. Moreover, due to 

segregation, the debris at the overflow point was mostly coarse 
gravel particles which are not vulnerable to erosion; hence, the 
surface of the dam was not eroded by overflow.

Overtopping with scarp erosion

As shown in Fig. 9, the geometry of the dam formed was not as regular 
as a trapezoid. For simplicity, points A and B are considered the turning 
points on the dam crest for subsequent analysis. Point A is where the 
water flow velocity begins to increase, and point B is the intersection 
between the horizontal line passing point A and the upstream slope.

For balance-grained dams, there was no complete seepage path 
through the dam body when overflow occurred due to a relatively 
low hydraulic conductivity (Table 1). When water reached point A, 
we set t = 0 s as the beginning of overtopping. The erosion scarp 
was first to form as some of the fine sand particles from a part 
of the downstream face were eroded away by the flowing water 
exceeding the critical shear stress (Fig. 9a). As such, some of gravel 
particles stayed in place, while coarse sand particles were moved 
and deposited nearby (Fig. 9b). As an increasing number of sand 
particles were eroded away, coarse gravel particles rolled over due 
to the loss of support from surrounding sand particles. A chan-
nelized flow was formed, and the scarp progressed towards the 
dam crest (Fig. 9c). When the erosion reached point B, an outburst 
flood started to develop, further entraining the debris, and the ero-
sion process progressed further upstream with the toe of the dam 
eroded (Fig. 9d). From then on, the water level decreased rapidly 
as the upstream slope was eroded, accelerating the erosion pro-
cess. Meanwhile, lateral erosion continued to develop and side slope 
of the breach channel close to the downstream collapsed into the 
breach channel (Fig. 9e). Subsequently, new erosion scarps were 
formed on the longitudinal profile, and continual erosion and col-
lapses occurred on the side slope of breach channel (Fig. 9f). The 
fine particles of the blocks slumped from the channel bank were 
eroded away, while the coarse ones lodged in the channel and were 
progressively eroded (Fig. 9g). The breach bottom began to flatten 
out from a wavy shape as the erosion subsided. Eventually, the water 
level decreased to a constant, the water flow velocity decreased to 
a value that could no longer erode the residual material, and the 
coarse particles on the bottom of the breach formed an armoring 
layer, preventing further vertical erosion (Fig. 9h).

Fig. 5   Variation of dammed 
lake volume with valley shape: 
(a) Wl = 0.4 m; (b) Wl = 1.2 m

Fig. 6   Particle distribution of dam deposits: (a) isometric view (from 
upstream); (b) portion of the rear of dam deposits (A zone); (c) por-
tion of the distal of dam deposits (B zone); (d) residual dam after 
breaching; (e) portion of interior of dam deposits (C zone)
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Overtopping with layered erosion

The fine-grained dams all failed due to overtopping with layered 
erosion. Similar to the observations of balance-grained dams, seep-
age flow was not observed at downstream when overflow occurred. 
Using Test N-1F as an example, Fig. 10 shows that water flow gradu-
ally eroded sand particles layer by layer, forming a smooth sur-
face that progressed downwards and upstream. Because the fine-
grained debris without gravel had a lower shear strength, erosion 
began as soon as water overtopped the dam crest, even the initial 
overtopping flow was shallow (approximately 4 mm), and the flow 

velocity was small (approximately 0.1 m/s) (Fig. 10a). With time, the 
eroded area expanded rapidly and advanced upstream. At t = 29 s, a 
round-shaped dam crest formed, and the erosion advanced rapidly 
and was accompanied by multiple collapses or slides of the breach 
channel slope (Fig. 10b–d). With time, the flow gradually slowed 
down, and the breach bottom began to flatten out (Fig. 10e and f). 
Eventually, the geometry of the breach reached constant, leaving 
an almost asymptotically stable “equilibrium” dam surface. The 
breaching process of the fine-grained dams can be characterized as 
more orderly due to the finer nature of the gradation, without steep 
erosion scarp during the entire erosion process. Similar processes 

Fig. 7   Relationships between 
dimensionless parameters of 
landslide dams and dammed 
lakes, with data derived from 
worldwide data set (250 cases)

Fig. 8   Stable dam formed by 
coarse-grained debris: (a) seep-
age occurrence; (b) overflow 
occurrence (view from Camera 
3)

Fig. 9   Breaching process of 
balance-grained dam in Test 
N-1B
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were observed by Chinnarasri et al. (2003) and Schmocker and 
Hager (2009) in experiments with similar GSD of sands.

Partial failure without decrease in dam height

The dam deposits in Tests W-3B and W-1C suffered local instability, 
but the dam height did not decrease at the inflow rate of 1 L/s. The 
overtopping water over the dam crest just eroded a channel along 
the downstream face of the dam. The breach channel did not reach 
the upstream of the dam after a steady state was reached, and the 
total height of the dam was not reduced. Figure 11 shows the com-
parisons of dam morphology before breaching and after breaching 
in these tests. It can be observed that just a small amount of sand 
particles on the downstream face and toe of the dam were eroded 
away in Test W-3B (Fig. 11(a2)). Based on the hydraulic flow regime 
proposed by Powledge et al. (1989), the hydraulic force and energy 
level were low on the dam crest, and increased at the downstream 
edge of the crest, where the erosion can occur. However, due to the 
wide sliding path, the dam deposit had a larger width and lower 
height with Hd

Wd
= 0.07 (Fig. 4a and b). Moreover, the upstream res-

ervoir was the smallest (i.e., 0.056  m3) among all tests of balance-
grained dams because of the dam height and triangular valley 
(Fig. 5). Consequently, the hydraulic forces were not large enough 
to erode the large particles or enlarge the surface discontinuities to 
destabilize large particles.

Test W-1C was an exception for coarse-grained dams where the 
dam deposit was higher on the opposite side, and the overflow point 
was on the source side where the fine particles were concentrated 
on the surface, resulting in a less stable structure more vulnerable 
to erosion, as shown in Fig. 11(b1) and (b2). Due to the low dam 
height (i.e., 0.05 m) and limited lake volume (i.e., 0.038  m3), the 
erosion process only occurred on the downstream slope near the 
source side and dam crest near the downstream slope. The dam 
erosion ceased before the breach channel was completely devel-
oped, and the eroded material was redeposited downstream near 
the dam (Fig. 11(b2)).

Breaching stages and breaching discharge

According to the definition of longevity of landslide dams (Shen 
et al. 2020) and the hydrological evolution process, the failure pro-
cess of a landslide dam in this study was divided into four stages: 
(i) water infilling, (ii) dam overflowing, (iii) dam breaching, and 
(iv) river rebalancing. As shown in Fig. 12a, stage (i) started when 
the upstream flume began to fill water (T = 0 s) and ended when 
the overflow began (point A). Stage (ii) referred to the formation 
of the initial breach, when the downstream surface of the dam 
began to erode, causing a small increase in the outflow discharge. 
During stage (ii), the upstream water level continued to rise until 
reaching its maximum. Stage (iii) referred to the period from the 

Fig. 10   Breaching process of 
fine-grained dam in Test N-1F

Fig. 11   Partial failure of 
landslide dam: (a1) Test W-3B, 
before breaching; (a2) Test 
W-3B, after breaching; (b1) Test 
W-1C, before breaching; (b2) 
Test W-1C, after breaching
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erosion of the upstream slope to the end of dam breaching, which 
was the main stage of the breach growth. As the sudden decrease 
of the elevation of the breach entrance due to collapse, the outflow 
discharge increased suddenly (e.g., inflection point in Fig. 12a) and 
then decreased after reaching a maximum value. Stage (iv) was the 
period of river re-equilibrium, when the outflow discharge asymp-
totically balanced with inflow and the reservoir water level became 
stable.

The upstream water level and the outflow discharge continu-
ously evolved during the breaching process (Fig. 12). Balance-
grained dams had a shorter longevity (less than 600 s) than 
fine-grained dams (about 1400 s) due to the formation of the 
armoring layer that prevents further erosion in the former. For 
balance-grained dams, the discharge hydrographs were classified 
into three types base on their variation characteristics (Fig. 12a–c). 
The first type, as shown in Fig. 12a, was a typical breach discharge 

hydrograph of a landslide dam, which was consistent with the 
experimental results of many investigations in a rectangular flume 
(Yang et al. 2015; Jiang et al. 2018). The discharge curve from the 
initial erosion to breach completion can be described as “sharp 
rise and drop,” where the duration of stage (ii) is less than that of 
stage (iii). The discharge curves of balance-grained dams in rec-
tangular valleys are of this type. In contrast, the second type was 
described as “slow rise and rapid drop,” with the duration of stage 
(ii) being greater than that of stage (iii) (Fig. 12b). This indicates 
that the initial breach was formed slowly, leading to a slow growth 
in outflow discharge. The discharge curves of balance-grained dams 
in trapezoidal and triangular valleys mostly belong to the second 
type. The last type was described as “slow rise and no drop,” without 
stage (iii) in the breaching process (Fig. 12c). The outflow discharge 
increased gradually until reaching the inflow rate, with no drop in 
the upstream water level. This corresponds to the partial failure of 

Fig. 12   Variation in upstream water level and outflow discharge of landslide dams: (a) Test N-1B; (b) Test N-3B; (c) Test W-3B; (d) Test N-1F; (e) 
Test N-2F; (f) Test N-3F
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the dam, where the initial breach did not progress to the upstream 
slope as shown in Fig. 11.

The hydrographs of fine-grained dams had a similar shape 
and variation trend, as shown in Fig. 12d–f. Compared to balance-
grained dams, the discharge hydrographs belong to the first type. In 
stage (iv), due to the finer nature of the fine-grained debris, the out-
flow discharge fluctuated around 1 L/s with a range of ± 0.1 L/s, and 
the flow was still very slowly eroding the fine particles at the bottom 
of the breach. As the erosion continued slowly, the lateral slope of 
the breach channel became more vulnerable to collapse due to the 
low strength and large crest surface frontal angle (Fig. 4d). The col-
lapsed block may block the breach channel, especially in the trap-
ezoidal and triangular valleys, causing the upstream water level to 
rise and the outflow discharge to decrease (Fig. 12e and f). However, 
after a brief decrease, the discharge increased immediately, slightly 
exceeding the inflow but less than the peak.

The duration of each stage of breaching process and the arrival 
time of peak discharge (red lines) are shown in Fig. 13. The first 
two stages, stage (i) and stage (ii), accounted for a larger pro-
portion (over 60%) of the breaching process for balance-grained 
dams but a smaller proportion (about 30%) for fine-grained dams. 
This was because the formation of the initial breach of a balance-
grained dam took longer (i.e., stage (ii)) due to a higher shear 
strength of the debris and the progression of erosion scarps. By 
contrast, during the breach development stage (i.e., stage (iii)), 
the armoring layer formed quickly due to the large uniform-
ity coefficient of the debris material, and the breach stabilized 
quickly with the release of water. It took less than 100 s from the 
arrival of peak discharge to the end of dam breaching. However, 
a breach in a fine-grained dam was easily formed (less than 90 s) 
by overflowing water that directly entrained the fine particles at 
the dam crest; on the other hand, the river took longer to regain 
equilibrium due to the low strength of fine-grained debris and 
prolonged erosion process.

In general, the peak discharge occurred earlier for Wl = 1.2 m 
than that for Wl = 0.4 m (Fig. 13). For fine-grained dams, the arrival 
time of peak discharge became earlier as the valley shape changed 
from rectangular to trapezoidal to triangular. For balance-grained 
dams, however, the variation of peak arrival time with valley shape 
was not obvious. By comparing the dam height and lake volume 
in different shape valleys (Figs. 4a and 5), it can be found that 

the arrival time of peak discharge was delayed with the increase 
in dam height Hd and lake volume Vl (Fig. 14). With a higher R2 
value, the arrival time of peak flow is more related to Hd than Vl 
for balance-grained dams, while the opposite correlation is true 
for fine-grained dams. This is because the initial erosion of fine-
grained dams occurs once the overflow occurs, and the erosion 
process depends on lake volume; however, the surface erosion of 
balance-grained dams is affected not only by lake volume but also 
by particle distribution.

The peak discharge ( Qp ) of a landslide dam is usually considered 
to be closely related to the dam height, lake volume, or a combina-
tion of both. Some scholars have proposed empirical models for 
predicting peak discharge based on landslide dam failure case his-
tories (Table 3). The peak discharge of dams tested in this study is 
more related to dammed lake volume ( Vl ) and volume released ( V

0
 ) 

during flood than dam height ( Hd ) and lake shape coefficient ( 
V
1∕3

l

Hd
 ) 

(see Fig. 15). Especially, V
0
 has the most significant effect on the peak 

discharge, with R2 greater than 0.9. For balance-grained dams, the 
peak discharge is linearly correlated with V

0
 , while for fine-grained 

dams, it is exponential. In addition, the peak discharges of balance-
grained dams are larger than those of fine-grained dams with the 
same V

0
 (Fig. 15d). This is attributed to a shorter stage (iii) of bal-

ance-grained dams (Fig. 13). Once the erosion of surface particles 
is initiated, the reservoir water will drain in a short time, leading to 
a large peak discharge.

Development of breach

Based on the experimental observation, three evolution processes 
of longitudinal profiles of the dams were observed and simplified 
into three corresponding models, as shown in Fig. 16. For a balance-
grained dam, the initial erosion always began on some weak part 
of the downstream face and then progressed towards dam crest 
(Fig. 16(a1) and (a2)). As shown in Fig. 16(a1), the erosion rate 
of Test N-1B was in such a way that the downstream slope angle 
remained constant initially, and the erosion rate decreased along 
the flow direction after the upstream slope was eroded, causing the 
downstream slope to rotate counterclockwise around a fixed pivot 
point ( rc ). This evolution process is characterized by a combina-
tion of two theoretical models: one assumes that the downstream 

Fig. 13   Stages of breaching process and arrival time of peak discharge
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slope angle remains constant or increases to a specific value and 
then remains constant (Visser 1998; Chang and Zhang 2010) and 
the other considers that the downstream slope angle gradually 
decreases by rotating along a pivot point at the dam toe with con-
tinuing erosion (Zhong et al. 2018), as shown in Fig. 16b. A plausi-
ble explanation could be that the growth rate of upstream water 
level in the rectangular valley is higher than that in the trapezoi-
dal and triangular valleys at the beginning of the breach, resulting 

in a higher head. Therefore, there is a higher erosion rate of the 
breached water flow, and the energy of water is sufficient to keep 
a constant erosion rate at the beginning of the breaching process; 
as the energy decreases over time, the erosion rate decreases along 
the flow direction.

The erosion profiles of balance-grained dams in trapezoidal and 
triangular valleys were concave along the longitudinal flow direc-
tion, corresponding to the erosion model proposed by Zhou et al. 
(2019a) (Fig. 16c) where r

1
 , r

2
 , and r

3
 represent the trajectory of the 

erosion point along the downstream slope at different time. How-
ever, the trajectory of the erosion point along the downstream slope 
observed in this study is different than that observed in previous 
studies. Furthermore, the erosion point does not reach the dam toe 
throughout erosion because the erosion of most coarse debris can-
not progress downstream too far due to insufficient hydrodynamic 
forces, resulting in the accumulation of coarse particles nearby and 
forming an armoring layer. On the one hand, due to the bottom 
widths of triangular and trapezoidal valleys being narrow, the sedi-
mentation of eroded material moves the erosion point up towards 
the dam crest, and the armoring layer provides hydraulic resistance 
against further erosion.

Fig. 14   Relationship between arrival time of peak discharge and dam height and lake volume

Table 3   Empirical models for peak discharge of landslide dam failure

Hd dam height, Vl dammed lake volume, V0 volume released, eα dam 
erodibility coefficient, Hr = 1 m

Equations References

Qp = 6.3Hd
1.59 Costa 1985

Qp = 672Vl
0.56 Costa 1985

Qp = 1.6V
0

0.46 Walder and 
O’Connor 1997

Qp = g0.5Hd
2.5
(

Hd∕Hr

)−1.371(
Vl

1∕3∕Hd

)1.536

ea Peng and Zhang 2012
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Fig. 15   Relationship between 
peak discharge and geometric 
parameters of landslide dam: 
(a) Qp vs Hd; (b) Qp vs Vl; (c) Qp 
vs Vl

1/3⁄Hd ; (d) Qp vs V0

Fig. 16   Longitudinal evolution models of breach profiles: (a) this study; (b) left proposed by Visser (1998), right proposed by Zhong et al. 
(2018); (c) proposed by Zhou et al. (2019a); (d) proposed by Zhang et al. (2021)
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All the fine-grained dams showed similar longitudinal evolution 
process as shown in Fig. 16(a3), regardless of the valley shape. The 
erosion began at point A because fine-grained debris had a low 
shear strength. The erosion point progressed upstream and down-
stream simultaneously. The erosion rate decreased along the flow 
direction and the downward direction. This process corresponds 
well with the evolution model proposed by Zhang et al. (2021), 
except for the position of the fixed pivot point ( rc ) (Fig. 16d). In this 
study, the erosion point moved along the downstream slope to the 
dam toe until reaching a fixed pivot point, around which the down-
stream slope rotated counterclockwise. This indicates that the ero-
sion rate decreases along the flowing direction and becomes almost 
zero at the downstream slope as erosion progresses. Compared with 
the scarp erosion of balance-grained dams, the surface erosion of 
fine-grained dams was uniform throughout the breaching process.

The drop in height at point A of breach bottom was selected as 
the proxy for breach depth for analysis of breach depth develop-
ment with time (Fig. 17a and b). Since the erosion occurred at the 
downstream slope at the beginning of dam overflow, rather than 
at point A (see Fig. 16(a1) and (a2)), the breach depth of balance-
grained dams was almost zero initially (Fig. 17a). As the valley 
shape changed from rectangular to trapezoidal to triangular, the 
upstream storage capacity decreased by 37–50%, and the beginning 
of rapid increase in breach depth was delayed. The breach depth 
of fine-grained dams, however, increased from t = 0 s (Fig. 17b) 
because the erosion began at point A (Fig. 16(a3)). The change rate 
of breach depth was regarded as the vertical erosion rate, which 
changed with time. For a balance-grained dam, the vertical ero-
sion rate is the average rate of change in breach depth during the 

rapid change phase, and for a fine-grained dam is the average rate 
of change in breach depth during the first 50 s. Figure 18 shows that 
the vertical erosion rates of balance-grained dams and fine-grained 
dams both increased with dammed lake volume. In addition, the 
vertical erosion rate rapidly became 0 mm/s after the formation of 
armoring layer for a balance-grained dam but gradually decreased 
with time until approaching 0 mm/s eventually for a fine-grained 
dam (Fig. 17a and b).

Discussion

Effects of debris composition on dam breaching

The GSD of the slide material is a critical factor influencing the 
landslide dam stability and failure characteristics. Based on the 
total results of 18 tests in this study, overtopping occurred in all 
tests. Among them, the coarse-grained dams were stable under 
overtopping except for Test W-1C; the balance-grained dams failed 
by scarp erosion, except for Test W-3B with partial failure; and the 
fine-grained dams all failed by overtopping in the form of layered 
erosion. As the mean grain size decreases, the dam becomes increas-
ingly unstable with higher chances of overtopping failure, due to a 
combination of lower shear strength, lower hydraulic conductivity, 
and higher erodibility associated with the finer gradation (Table 1).

The breach processes of balance-grained dams and fine-grained 
dams are different, although both involve overtopping. The balance-
grained debris has a wide size distribution and a large uniformity 
coefficient, resulting in selective surface erosion. Erosion scarp is 
formed because fine sand particles are easier to be eroded away 

Fig. 17   Development of 
breach depth (water reached 
Point A at t = 0 s): (a) balance-
grained dams; (b) fine-grained 
dams 

Fig. 18   Relationship between 
vertical erosion rate and lake 
volume: (a) balance-grained 
dams; (b) fine-grained dams
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than coarse gravel particles (Fig. 9). However, the surface particles 
of fine-grained dams are uniformly eroded layer by layer, due to 
finer nature and narrow grading of the fine-grained debris (Fig. 10).

Effects of dam geometry on dam breaching

The morphology of the dam formed by natural accumulation is 
irregular, which is affected by material composition, sliding path 
width and valley shape (Fig. 4). Dam height and downstream slope 
have been studied by many scholars and shown to have consider-
able effects on the breaching process (Chinnarasri et al. 2003; Chen 
et al. 2015; Jiang and Wei 2020). All the dams in this study have 
different heights and downstream slopes because they are formed 
through a deposition process mimicking natural conditions. The 
results show that the arrival time of peak discharge is closely related 
to the dam height for balance-grained dams, while to the volume 
of the dammed lake for fine-grained dams (Fig. 14). However, the 
effect of downstream slope on the arrival time of peak discharge 
and peak discharge is not obvious (Fig. 19). The reason may be 
that the downstream slope of the tested dam formed through a 
deposition process is smaller than the angle of repose of the debris 
material, so the initial downstream slope has little effect on breach 
parameters. For the peak discharge, it depends on the volume of 
dammed lake and the volume released (Fig. 15). Nonetheless, it is 
challenging to predict the released water volume before the breach 
occurs. Therefore, the lake volume, which is affected by the dam 
height and the valley shape, is the key parameter in determining 
the peak discharge.

Unlike an artificially prebuild dam, which the elevation of cross-
valley profile is always constant, landslide dams always have dif-
ferent shapes of cross-valley profiles (Mei et al. 2021; Zhou et al. 
2021). The crest surface frontal angle, as a parameter to describe the 
cross-valley profile of the natural dam deposit, is most affected by 
the material (Fig. 4d). Regardless of valley shape and sliding width, 
the crest surface frontal angle increases as the mean grain diameter 
of the debris composition decreases. Furthermore, the crest surface 
frontal angle of fine-grained dams increases as the valley shape 
changes from rectangular to trapezoidal to triangular, approaching 
its angle of repose. This is the reason why the surface slide of dam 
crest (Fig. 10d) occurs in a fine-grained dam during the breaching 
process. Moreover, the surface sliding and lateral collapse result in 
secondary blockages and discharge fluctuations (Fig. 12e and f).

Effects of particle distribution on dam breaching

For the dams formed by the debris material with a wide size dis-
tribution (i.e., coarse-grained dam and balance-grained dam), 
the horizontal and vertical particle distributions of the dam are 
all different due to the particle segregation in the movement and 
accumulation process (Fig. 6). Overtopping starts normally at the 
lowest crest elevation (Fig. 3). Material properties on the location 
of the overflow point have a significant influence on the stability 
and failure mode of the dam. For example, coarse-grained dams 
were mostly stable except that overtopping erosion occurred in Test 
W-1C (Fig. 11b). This is due to the overflow point being located on 
the opposite side for most tests, where a higher concentration of 
coarse gravels resulted in a more stable structure. When the over-
flow point is located on the surface where most fine sands are con-
centrated, surface erosion will occur even if the dam height and 
the impoundment volume are small (e.g., Test W-1C). The critical 
initiation velocity vc for cohesionless debris was estimated accord-
ing to the formula proposed by Zhang et al. (2007) to assess the 
occurrence of erosion.

where h is the flow depth (m), d is the particle diameter (m), 
and �s and � are the bulk density of the deposit and flow, respec-
tively. Based on the particle distribution on the surface of the dam 
deposit, the median diameter of the particles at the overflow loca-
tion is considered the particle diameter d. The calculated vc of the 
three debris compositions and the corresponding maximum flow 
velocity v during the breach process are shown in Table 4. When 
the overflow occurs on the opposite side, vc was 0.58 m/s for coarse-
grained debris, which is greater than the maximum flow velocity 
of 0.35 m/s in breaching process; hence, erosion was not initiated 
under surface flow. For Test W-1C, vc was about 0.43 m/s because the 
overflow point is located on the source side with a higher concen-
tration of sand, and the maximum flow velocity was about 0.56 m/s; 
therefore, erosion occurred on the surface of coarse-grained dam 
in this test.

In addition, due to the fact that the distribution of coarse par-
ticles inside the balance-grained dam was less than that on the 
surface (Fig. 6d and e), lateral erosion was more likely to develop 
with an increase in breach depth. When the breach developed to a 

(1)vc =

(

h

d

)0.14

×

(

17.6
�s − �

�
d

)0.5

Fig. 19   Relationship between 
breach parameters and down-
stream slope: (a) arrival time 
of peak discharge; (b) peak 
discharge
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certain depth and width, the soil block of side slope toppled, which 
often occurred in a dam with cohesions (Fig. 20a). This phenom-
enon can be attributed to internal soil suction. With the increase of 
moisture content, the debris within the dam body became unsatu-
rated and exhibited some cohesive behavior. The final shape of the 
breach was mostly rectangular or inverted trapezoid (Fig. 20b and 
c), which was consistent with the observation of dams completing 
consolidation (Zhong et al. 2019).

Conclusions
This study provides an improved understanding of the entire pro-
cess from the formation of a landslide dam to its breaching via 
laboratory tests. The effects of valley shape, width of sliding path, 
and grain size distribution of the sliding mass on the dam charac-
teristics and dam breaching are analyzed. The following conclu-
sions specific to the test conditions have been reached as the result 
of this investigation:

1. The stability and failure modes of landslide dams are pre-
dominantly governed by the debris composition, whereas the 
valley shape and particle distribution also have an influence. 
The results of breaching can be classified into four categories: 
seepage equilibrium under overtopping, overtopping with 
scarp erosion, overtopping with layered erosion, and partial 
breaching without decrease in dam height.

2. Balance-grained dams have a longer duration for breach com-
plete formation and a short duration for breach development, 
while the opposite is true for fine-grained dams. After breach-
ing, an armoring layer will form at the bottom of the breach in 
balance-grained dams. Fine-grained dams are prone to second-
ary blockage during the river rebalancing phase, because of a 
high crest surface frontal angle.

3. The valley shape is a parameter that crucially affects the geom-
etry of a landslide dam and the pre-dam storage capacity. Com-
pared with dam height and downstream slope, peak discharge 
is more related to the released water volume and dammed lake 
volume. For balance-grained dams, the arrival time of peak 
flow is delayed with the increase in dam height, and the peak Ta
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discharge increases with the dammed lake volume. For fine-
grained dams, the peak discharge and the arrival time are all 
positively correlated with the dammed lake volume.

4. Three new longitudinal evolution models are proposed to 
reveal the erosion characteristics of the breaching process, 
which are related to the debris composition and valley shape. 
The deposition of eroded material affects the development 
of downstream slope erosion. The first one is characterized 
by a constant downstream slope angle followed by a gradual 
decrease in the slope angle by rotating along a pivot point at the 
dam toe with continuing erosion. The second one is character-
ized by a concave shape along the longitudinal flow direction 
with the erosion point progressively moving to the dam crest. 
The last one is characterized by a progressive erosion with a 
decrease in erosion rate along the flow and downward direc-
tion.
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