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Research on the factors and mechanisms that influence outburst floods are essential for
estimating outflow hydrographs and the resulting inundation. In this study, large flume tests
are conducted to investigate the effects of the upstream inflow and the presence of loose
erodible deposits on the breaching flow and the subsequent outburst floods. Experimental
results reveal that hydrographs of the breaching flow and outburst flood can be divided into
three stages where each stage is separated by inflection points and peak discharges. It is
found that the larger the inflow discharge, the larger the peak discharge of the outburst
flood and the shorter the time needed to reach the peak and inflection discharges of the
outburst flood. The breaching flow decreases along the longitudinal direction at rates that
increase with the inflow discharge. The ratio between the length of the upstream dam
shoulder and the dam width is inversely related to the ratio of the outburst discharge to
inflow discharge. We also show that the presence of loose deposits at the dam toe can
amplify the peak discharge of outburst flood by increasing the solids content of the
water flow.
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INTRODUCTION

Landslide dams are massive blockages of river channels resulting frommass Earthmovements (Costa
and Schuster, 1988; Casagli et al., 2003) including earthquakes (Zheng H et al., 2021). The structural
failure of these dams, oftentimes due to overtopping (Shen et al., 2020a; Shen et al., 2020b; Zheng Y
et al., 2021), result to flooding that can lead to casualties and destroy downstream infrastructures
(King et al., 1989; Cui et al., 2013; Zhou et al., 2013; Xiong et al., 2020). Outburst flooding events are
also agents of large-scale geomorphic change (Fan et al., 2019; Liu et al., 2019; Fan et al., 2020) that
influence river evolution over timescales of 104–105 years in mountain terrains, e.g., Baimakou
landslide dam (Korup, 2006; Korup et al., 2010; Walsh et al., 2012; van Gorp et al., 2016; Liu et al.,
2018). A better understanding of the flooding induced by landslide dam failure is important for the
prediction and mitigation this mountain disaster.

Previous statistical analysis have found that the outburst discharge of landslide dam failure is a
function of the dam geometry (dam height) and dammed lake properties (water level, lake volume)
(e.g., Kirkpatrick, 1977; Singh and Snorrason, 1984; Costa, 1985; Webby, 1996; Pierce et al., 2010;
Peng and Zhang, 2012; Liu et al., 2019). However, landslide dam failure events often occur in
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mountainous areas where field measurement data are difficult to
obtain. This is why predictions of outburst flood discharge in the
downstream area by statistical analysis significantly deviate (at
times in orders of hundreds) from measured data (Zhou
M.J. et al., 2019). In order to supplement our knowledge on
the mechanisms of landslide dam breaching and its outburst
flooding, well-controlled experiments of landslide dam breaching
are conducted to understand the effects of the dam geometry (e.g.,
Davies et al., 2007; Cao et al., 2011; Chen et al., 2012;Walder et al.,
2015; Yang et al., 2015; Jiang andWei, 2020; Zhu et al., 2020), soil
material characteristics (e.g., Cao et al., 2011; Jiang et al., 2018b;
Xiong et al., 2018; Zhu et al., 2020), initial moisture content (e.g.,
Chen S.C. et al., 2015; Jiang et al., 2020) and river channel slopes
(e.g., Jiang et al., 2020; Zhu et al., 2020). Recently, external
boundary effects such as seismic perturbations (e.g., Shi et al.,
2014), surging (e.g., Peng et al., 2019) and cascading failures (e.g.,
Zhou et al., 2013; Shi et al., 2015; Zhou et al., 2015), etc. on
landslide dam outburst have also been investigated. However,
despite the recent advances in the research of landslide dam
breaching, our understanding of the influence of parameters such
as the upstream inflow and the presence of loose deposit (Zhou
G.G.D. et al., 2019; Zhou M.J. et al., 2019; Jiang et al., 2020)
remain incomplete. Field evidence from the Hsialin landslide
dam failure (Dong et al., 2011; Li et al., 2011) and Zhouqu
landslide dam cascading failure (Cui et al., 2013) suggest that
both of the abovementioned parameters may have important
impacts on the peak discharge in the downstream area.

The influence of inflow discharge on the outburst flood cannot
be separated from the breaching flow. Breaching flow refers to the
water flow at the top of the dam and along the dam’s surface while
the outburst flood is the flow that reaches the downstream area of
the dam. In previous studies, the breaching flow is assumed to be
uniform and steady so as to facilitate the rapid assessment of
landslide dam disasters (e.g., Chang and Zhang, 2010; Wu, 2013;
Chen Z.Y. et al., 2015; Zhong et al., 2018; Zhang et al., 2020;
Zhong et al., 2020). In such cases, the change in the flow rate in
the dammed reservoir is equivalent to the outburst flood and it
will not change along the dam longitudinal direction. In reality

however, local blockages resulting from dam surface instabilities
may hinder the upstream flow to proceed further downstream
(Figure 1). This consequently results to inhomogeneous
discharge measurements at different points along the dam
surface. Furthermore, recent field observations and physical
modelling tests also reveal that dam breaching flow are not
steady but are turbulent and unsteady (Jiang et al., 2017; Jiang
et al., 2020). These observations indicate that the overtopping
flow cannot be consistent throughout the entire dam body.
Therefore, it is still unclear how the upstream inflow affects
the spatial evolution of the breaching discharge as well as the
downstream outburst flood.

The flooding further downstream can also be affected by the
presence of loose deposits behind the dam. There are two main
ideas on the influence of loose deposit on the outburst discharge.
One of which suggests that the loose deposits behind landslide
dams serve as a rough contact surface which dissipates the kinetic
energy of the water flow, effectively providing resistance to the
flow motion thereby slowing it down (Bellos et al., 1992; Wu,
2007; Wu, 2013). Another reasoning is that the entrained loose
granular materials increase the flood volume and potential
energy, consequently improving the mobility of the solid-fluid
mixture flow (Fannin and Wise, 2001; Wang et al., 2003; Breien
et al., 2008). Although, bed-sediment entrainment by dry
granular avalanches are often accompanied by increased flow-
front speeds and further run-out distances (Mangeney et al.,
2007), they have limited relevance to sediment flows (Iverson
et al., 1997; Iverson et al., 2010) and outburst floods from
landslide dam failures. Therefore, it is still unclear how loose
deposits behind the dam affects the resulting outburst flood.

In this work, a series of large flume tests are conducted to give a
comprehensive perspective of the outburst discharge of landslide
dams due to overtopping failure. Specifically, we aim to 1) study
the longitudinal evolution of the breach discharge and 2)
investigate the effects of different upstream inflows and the
presence of loose deposits on the outburst floods. In the
succeeding sections, we first detail our experimental set-up,
using which we are able to capture a three stage evolution of
landslide dam failure. We then present the mechanisms in which
the inflow discharge affects the evolution of the breaching flow as
well as the influence of the presence of loose deposits, located at
the dam toe, on the outburst floods. Results of this work are
expected to improve the estimation of outflow hydrographs
which are useful for early warning and risk mitigation in
mountainous areas.

MATERIALS AND METHODS

Experimental Setup and Instrumentation
Experimental landslide dams are constructed in a large flume in
the Dongchuan Debris Flow Observation and Research Station
(DDFORS), Dongchuan District, Yunnan Province, China (N
26°14′30″, E103°08′11″). Two sets of tests are conducted: in the
first group the inflow discharge is varied from 2.0 ×10−3 m3/s to
6.9 ×10−3 m3/s. The main purpose of this group is to evaluate the
effects of different initial inflow discharge on the subsequent flow

FIGURE 1 | The sketch of the variation of dam breaching discharge
along the longitudinal direction during side slope failures.
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evolution and dam failure. The effects of installing an erodible
bed on the outburst discharge is studied in the second set of tests
in which the inflow discharge is varied from 2.0 ×10−3 m3/s to
5.3 ×10−3 m3/s. The details for each modeling test are
summarized in Table 1.

The flume is a straight concrete channel, inclined at 12° from
the horizontal (Figure 2A) At one side of the dam, a glass window
is installed that allows the observation of the longitudinal dam
breach evolution (Figure 2B). The glass window is divided into
sections with 6 reference lines labelled I, J, K, L, M and N

TABLE 1 | Test program.

Test ID Upstream
inflow Qin( × 10−3 m3/s)

Downstream condition (U/E)

U-Q2.0 2.0 Unerodible bed
U-Q3.0 3.0
U-Q5.3 5.3
U-Q6.9 6.9
E-Q2.0 2.0 Erodible bed
E-Q3.0 3.0
E-Q5.3 5.3

FIGURE 2 | (A) Schematic diagram of the model dam with the exact dimensions (B) an illustration of the large debris flow flume in DDFORS (10 m long, 0.7 m wide
and 1.4 m deep, inclined at 12° to the horizontal) as viewed from camera #4 (C) a side-view from of the model dam as viewed from the side region of the flume from the
vantage point of camera #1 (D) A front view of the model dam as viewed from the downstream region of the flume by camera #2. The dam, which is built on a concrete
floor, is confined by walls 0.7 m apart and 1.4 m high. In erodible bed tests, a 0.2 m thick, 5 m long flat pile is connected to the dam toe.
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(Figure 2C) where Introduction Section is 0.2 m away from the
upstream dam crest. Each subsequent section is 0.2 m away from
the previous section. At the lower end of the flume is a manual
collection area which is 5 m away from downstream dam toe
(Figure 2A). A water container, with a capacity of 12 m3, is
connected to the top of the flume through a channel with rows of
saw-teeth which serve to minimize turbulence and provide steady
inflow for the tests (Figure 2A).

To capture the landslide dam breaching and outburst process,
four digital video cameras (SONYFDR-AX40, 1440× 1080 pixels, 25
fps) and a laser sensor (Leuze, ODSL 30/V-3V0M-S12) with a
resolution of ±1mm are installed above the channel. The velocity of
a tracer particle is measured as the total distance it has travelled
within a pre-defined frame of reference (Δx) divided by the total time
it takes to span the said of reference frame (Figure 2C). Camera 1 is
positioned on the free side of the glass panel, set to record the velocity
vb and flow depth db of the breaching flow (Figure 2C). Camera 2 is
used to capture the cross-sectional evolution of the landslide dam by
monitoring the change of the cross-sectional width wb (Figure 2D).
Camera 3 is installed to record the motion of tracer particles and
calculate the velocity vout of the outburst flood (Figure 2A). Camera
4 is placed 4m above the flume base and records the whole dam
failure process (result as shown in Figure 2B). A laser sensor, located
5m away from the downstream dam toe, is used to measure the
depth dout of the outburst flood (method reference from Gregoretti
et al., 2010; Pickert et al., 2011). The discharge of the breaching flow
and outburst flood is calculated from the measured flow depth,
velocity and channel width as:

Qi � vidiwi (1)

where the subscript i � out represents outburst flood while i �
b denotes breaching flow.

Model Design
Scaling laws play a crucial role in designing physical model tests
(Iverson, 2015). For better understanding of the landslide dam
failure process which involves grain-fluid mixtures, Peng and
Zhang (2012) proposed a set of dimensionless numbers - Hd

Wd
,
V1/3
d

Hd

and
V1/3
l

Hd
- that consider the influence of the dammed lake volume

(Vl) (Costa and Schuster, 1988), the landslide dam height (Hd)
and the volume of the landslide dam (Vd) (Korup, 2004). The
validity of these dimensionless parameters has been verified by
ZhouM.J. et al. (2019). The ratio of the dam height to its width Hd

Wd

defines the average slope erosion. The ratio between the cubic

root of the dam volume and height,
V1/3
d

Hd
is known as the dam shape

coefficient and reflects the amount of granular material that can
be entrained. The lake shape coefficient is the ratio between the
cube root of the water volume and the dam height

V1/3
l

Hd
and defines

the potential lake volume. Table 2 shows that the geometry of the
modeled landslide dam fall within the acceptable range of values
estimated from natural landslide dams. The last column of
Table 2 lists specific landslide dam cases whose dimensionless
constants are close to those obtained for the experimental dams
(Diexi landslide dam (1936); Xiaogangjian landslide dam (2008);
Donghekou landslide dam (2008)). It can therefore be said that
the geometry of these modelled dams can be considered to
represent real landslide dams.

Granular Material Used in FlumeModel Test
To emulate the poorly-sorted soils of natural landslide dams, the
granular materials in the Jiangjia Ravine near DDFORS, are used
to construct the modeled landslide dams. Particles with diameters
larger than 20 mm are removed in all tests (Figure 3). The
diameters of fine particles (< 0.25 mm) are measured using a
Malvern Mastersizer 2000. This device is designed to measure the
size of small particles and the distribution of these sizes within a
sample using laser diffraction and on known particle size
distribution statistics (Malvern Instruments Ltd, 2007).
Sediment samples in all experimental sets have mean grain
diameters of d50 � 0.85 mm (Figure 3). The spread of the
grain-size distribution is measured to be σg � d84

d16
� 75 (Walder,

TABLE 2 | Geometric characteristics of the model landslide dams.

Parameter Value Real case range Geometrically identical cases

Hd/Wd 0.269 0.002–3.000 Diexi landslide dam (0.196)
Donghekou landslide dam (0.267)

V1/3
d /Hd 1.289 1.074–39.782 Xiaogangjian landslide dam (1.260)

Huoshigou landslide dam (1.116)

V1/3
l /Hd 1.228 0.934–30.039 Macaotan landslide dam (1.400)

Huoshigou landslide dam (0.954)

Note: Data collected from Costa and Schuster, 1988; Korup, 2004; Xu et al., 2009; Yin
et al., 2009; Peng and Zhang, 2012.

FIGURE 3 | The shaded region is the cumulative grain size distribution of
42 landslide dams in the Northern Apennines (Casagli et al., 2003) and the
data points marked as crosses are data from the experimental tests of Yan
and Cao, 2009; Cao et al., 2011; Xu et al., 2013; Shi et al., 2014; Yang
et al., 2015; Zhou et al., 2015; Jiang et al., 2017; Jiang et al., 2018a; Jiang
et al., 2018b; Xiong et al., 2018; Jiang and Wei, 2020; Jiang et al., 2020; Zhu
et al., 2020. The solid line represents the grain-size distribution of the modeled
landslide dams.
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2016), which falls between the range (59 and 34,000) obtained for
granular materials in real landslide dams (Casagli et al., 2003).
The unit weight and friction angle of the solid materials are
measured to be ρs � 2650 kg/m3 and φ � 30°respectively, and the
initial water content is 6% (Zhou and Ng, 2010). Figure 3 shows
that the grain-size distributions of the modeled landslide dams
coincide with those measured from natural dams (Casagli et al.,
2003) and other experimental dams used in previous studies (Yan
and Cao, 2009; Cao et al., 2011; Xu et al., 2013; Shi et al., 2014;
Yang et al., 2015; Zhou et al., 2015; Jiang et al., 2017; Jiang et al.,
2018a; Jiang et al., 2018b; Xiong et al., 2018; Jiang and Wei, 2020;
Jiang et al., 2020; Zhu et al., 2020).

Dam Construction
The landslide dams are constructed as follows: granular materials
are well-mixed and poured from the same height onto the sloping
channel. Manual compaction is done to ensure that the void ratio

(0.79–0.82) of each layer is consistent with field conditions which are
usually in the range of 0.59–1.11 (Chang and Zhang, 2010; Chang
et al., 2011). This process is repeated until the desired dam geometry
is achieved. The same material, construction process and void ratio
are employed for the erodible bed which is 0.2 m thick. After the
dam crest was smoothed and leveled, a rectangular notch (h0 × w0 �
0.05 m × 0.1 m) is excavated on the dam crest, adjacent to the glass
side-wall. This ensures that the overtopping failure starts at the same
place every time, guaranteeing the repeatability of the experiments
(Hakimzadeh et al., 2014).

A gridded pattern (0.1 m × 0.1 m) is drawn on the dam body
using white powder (Figure 2A) which helps quantify the
development of breaching, downstream erosion and deposition.
After dam construction, all the instruments are simultaneously
switched on. The water valve is opened and the upstream flow
enters the dammed lake. To reduce the effects of seepage or piping
on the dam failure process, the water in the reservoir is filled rapidly.

FIGURE 4 | Snapshots of the dam-breaching process (Test No. E-Q3.0). t0 � 0 s is the moment when water starts to travel along the initial notch and eventually
reaches the downstream crest. The grid is 0.1 m × 0.1 m. The dashed lines mark the surface profile of the dam geometry.
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After it is filled to the crest, the inflow is adjusted to a fixed discharge
value. As the water starts to flow over the dam crest, tracer particles
are dropped into the dammed lake reservoir, throughout the entire
failure process, to capture the velocity of the outburst flood as well as
the breaching flow. In addition, continuous sampling was adopted
during the tests to calculate the changes of the outburst flood density.
The density is calculated from the weight and volume of the sampled
outburst floods.

RESULTS

General Observations
The rapid change of the hydrodynamic conditions during
landslide dam breach makes the process of dam failure very
complex. Figure 4 shows a series of aerial views of test No.
E-Q3.0 from Camera 4. The initial time of dam breaching t � 0 s
is when water starts to travel along the initial notch and

FIGURE 5 | Longitudinal snapshots of the dam-breaching process (Test Nos. N-Q5.3 left side and E-Q5.3 right side). The grid size on the window is 0.1 m × 0.1 m.
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eventually reaches the downstream dam shoulder, Point A
(Figure 4A). This is where the overtopping failure of the
landslide dam initially occurs. At this stage, the water flow is
insufficient to erode the soil and most of the sediment are
transported only up to the downstream dam slope face,
developing into an alluvial fan that advances toward the toe
of the dam (Figure 4B). The stream eventually incises the
alluvial fan, forming a narrow channel which allows the
incoming water to flow through fan (Figure 4C). Due to the
continuous supply upstream, the water flow gradually increases,

eroding the loose downstream deposits (Figure 4D). Figure 4E,
shows the erosion of the upstream dam shoulder, point B. In this
stage, the outburst flood increases rapidly and non-uniform,
arc-like shock waves are frequently observed (Figures 4F–H).
These turbulent and unsteady flows induce frequent, albeit
temporary, localized blockages that effectively widen the dam
breach width (Figures 4F–H). This indicates that the flow
discharge can hardly remain constant along the longitudinal
direction. The outer lateral contour of the dam is shaped like an
hour glass, wherein the ends are wide and the mid-section is
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narrow (Figures 4F–K black line). This is quite different from
existing models that assume that the outer contour is linear
(Chang and Zhang, 2010; Zhong et al., 2018). Large scale erosion
of the downstream loose deposits are also recorded in these stages
(Figures 4F–H). Finally, the dam breaching process ends when clear
water is observed downstream and the breach side slope remains
stable (Figure 4K).

Longitudinal Evolution of Dam Breaching
Figure 5 (A1,A2) show snapshots of the longitudinal dam breach
process at t � 0 s of test N-Q5.3 (left side) which has no erodible
bed behind the dam and test E-Q5.3 (right side) which has an erodible
bed behind the dam respectively. At the initial stage, since the
breaching discharge is small, most of the sediment transport is still
confined to the area immediately below dam the crest, Point A
(Figure 5) (B1,B2). At around t � 20 s, the formation of erosional
step pools (Parker and Izumi, 2000;Walder et al., 2015) is observed in
the two set ups at the same location (x � 0.6m) (Figure 5) (C1,C2).
The upstreammigration of these shallow pools, which coalesce into a
headcut, lead to the establishment of hydraulic control at the breach
crest, an erosional feature that functions as a weir (Figure 5) (D1,D2).
As the upstream inflow continues to supply flowing water, the fine
particles aremore easily eroded and entrained into the outburst floods,
resulting in an increase of suspended particles in the water.

When the erosion point reaches the upstream dam shoulder
Point B [t � 43 s in N-Q5.3, and at t � 40 s in test No. E-Q5.3
(Figure 5) (E1, E2)], the dam crest completely collapses and thewater
level of the dammed lake quickly decreases as larger amounts of
water are released downstream. From this stage, the water flow at the
overtopped dam crest is clear but becomes murky and sediment-
laden near the dam toe as it entrains soil particles along its path. The
step-pools gradually disappear (Figure 5) (F1, F2) accelerating the
erosion process along the dam surface, promoting further side slope
failure. The depth of the water starts to decline and the geometry of
the sloping bed begins to smoothen out as a result of its exposure to
the rapid water flows. This decline in depth continues until the water
level in the reservoir is close to the residual dam height (Figure 5)
(H1, H2). At this point, no further side slope failure and erosion
occurs. Finally, an almost identical final dam breaching morphology
is observed in both sets of experiments (Figure 5) (H1, H2).

Hydrological Evolution of Dam Breaching Flow
Figure 6 shows representative temporal profiles (test N-Q5.3) of the
water depth db, flow velocity vb and breaching discharge Qb at
different sections of the dam. Initially, the breaching flow has not
reached the downstream dam slope, so the cross-section of the water
depth at the downstream dam slope is close to zero (Figure 6A). At
later times, db at different cross-sections begin to gradually increase.
Sudden increase in the values of db, similar to that in section 1 at t �
30 s, are due to the short-term formation of step-pools (Figure 5) (D1).
At around t � 43 s the upstream shoulder is eroded [refer to Figure 5
(E1)] resulting in the rapid increase ofdb. At t� 55 s, thewater depth at
different sections reach peak values (Figure 6A). Thereafter, the flow
height rapidly declines prior to finally stabilizing at a steady, shallow
water depth. Figure 6B shows that vbat the different dam sections
rapidly increase, reaching values greater than 3m/s. At early stages, the
velocity difference between the different sections is noticeably small.
The discrepancies of vb at the different sections is greatest when vb is
maximum.

Figure 6C shows the evolution of discharge of the breaching flow.
The trend of the breaching discharge is identical to that of the water
depth: the flow initially increases slowly from zero, followed by a rapid
increase up to a peak discharge value before decreasing. The temporal
evolution of the discharge can be divided into three stages separated by
inflection points, i.e. abrupt changes in the values of Qb. The first

FIGURE 6 | The evolution of the (A) depth (B) velocity and (C) discharge
of breaching flow at different dam sections.
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inflection point ti, at the different sections, is at ∼ 43 s equivalent to the
time at which the upstream shoulder is eroded (refer to Figure 5). The
second inflection point is the time at which the peak discharge tp is
measured t ∼ 55 s. This three-stage evolution model is consistent with
the observations of Zhou G.G.D. et al. (2019) on the outburst flood
evolution measured downstream of the landslide dam. Stage 1 is
characterized by the rapid increase of the breaching flow velocity and
the slow but steady increase of the water depth and discharge. In Stage
2 the breaching flow depth and discharge rapidly increase up until the
peak value. In Stage 3, the breaching flow and discharge diminish
whereas the flow velocity is maintained at a constant large value.

Hydrological Evolution of Breaching Flow
Along Longitudinal Direction
Hydrological Evolution of Breaching Flow
Figure 7 shows the breaching hydrological evolution of landslide
dam overtopping failure process, in dimensionless time (t/ti)
without an erodible bed. The value of breaching discharge at
different cross-section is different especially during rapid stages

(Stages 2 and 3). The evolution of both the breaching flow is
consistent at the different sections wherein values gently increase
first in Stage 1 (before t/ti � 1) followed by a sudden positive
change in Stage 2 (after t/ti � 1), and thereafter the outburst flood
attenuates in Stage 3. Note that, because side slope instabilities
mainly occur after Stage 2, the change of the whole overtopping
flow rate fluctuates greatly from during this stage in all tests
(Figure 7). In addition, the maximum overtopping breaching
discharge is usually obtained at the front of the dam body under
different Qin (Figure 7). Moreover, the peak breaching discharge
increases from 14.3 × 10−3 m3/s to 41.3 × 10−3 m3/s as the
upstream inflow is also increased from 2.0 × 10−3 m3/s to
6.9 × 10−3 m3/s (Figure 7). It can be seen in Figure 6A, that
the breaching discharge significantly varies along the flow
direction due to the influence of the local topography,
consequently resulting in a constantly changing streamline.
The different breaching flows measured at different cross-
sections of the dam all support the theory that the
overtopping flow discharge is not even along the flow body
(e.g., Jiang et al., 2017; Jiang et al., 2020), which is different

FIGURE 7 | Hydrographs of the dam-breaching flow discharge at different dam sections for different inflow discharges (A) Qin � 2.0 × 10−3 m3/s (B) Qin � 3.0 ×
10−3 m3/s (C) Qin � 5.3 × 10−3 m3/s (D) Qin � 6.9 × 10−3 m3/s.
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from many assumptions used in rapid assessment models (e.g.,
Chang and Zhang, 2010; Wu, 2013; Chen Z.Y. et al., 2015; Zhong
et al., 2018; Zhang et al., 2020; Zhong et al., 2020).

Breaching Flow Attenuation Along the Longitudinal
Direction
Figure 8 shows the breaching discharge evolution along
longitudinal direction at different inflow discharges.
Considering that Stages 2 and 3 are the main stages of
outburst flow evolution wherein peak discharges are
obtained and Stage 1 is small and basically unchanged
(Figure 7), we separate the two parts when studying the
change of the breaching discharge along the flow direction.
The triangular (gray) markers represent the breaching
discharge at different cross sections and at different points
in time during Stage 1, while the rectangular (gray) markers
represent the measured discharges during Stages 2 and 3. The
breaching flow above the dam decreases along the
longitudinal direction and averaging across the different
points in each stage (cross black marks for Stage 1, and
circles black for Stages 2 and 3), one can observe a clear

linear decline. The slope of this decline k is steeper for points
in Stages 2 and 3 than it is for Stage 1. Values for the slope k
and R2 are provided in the table in the upper left corner of the
figure.

This decreasing trend is related to the local blockages
resulting from the collapse of loose dam soils, particularly
in Stages 2 and 3, which affect the water flow (Figure 1).
Energy of the water flow is consumed to wash away or
overcome the local blockages, which effectively reduces the
discharge of the breaching flow. Although the collapses are
random and do not occur consistently at the same place, the
breaching discharge at the rear of dam is most affected by
the collapses due to the lower dam heights in this region.
Similar trends are observed for different upstream inflow
discharges, although the magnitude of the slopes noticeably
increase with Qin (Figure 8). Due to the increase of the
upstream inflow, the water level of the dam body always
maintains a high breach water level, leading to stronger
flows. The greater the flow disturbance, the more likely for
collapses to occur along the path that can further decrease the
discharge.

FIGURE 8 | The evolution of average breaching flow discharge along the longitudinal direction during different Stage 1 and Stages 2 and 3 (A)Qin � 2.0 × 10−3 m3/s
(B) Qin � 3.0 × 10−3 m3/s (C) Qin � 5.3 × 10−3 m3/s (D) Qin � 6.9 × 10−3 m3/s.
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Analysis on Influencing Factors of Outburst
Flood
Figure 9A shows the influence of inflow discharge and loose
deposit on the time to inflection flow discharge and the time to
peak flow discharge. The relative time (Δt) is the actual time
minus the time at which the first flow reaches the collection area.

All the data related to timescales relevant to the breaching
process are summarized in Table 3. Both the time to
inflection discharge (Δti) and peak discharge (Δtp) tend to
decrease with the increase of upstream inflow. It is also
observed that the Δt of the erodible-bed test group and the
non-erodible bed group are nearly identical and becomes
more so with the increase of the upstream inflow. In addition,
it is observed that Δti no longer changes when the upstream
flow discharge is greater than 5.3 × 10−3 m3/s, which means
the influence of the inflow discharge of the landslide dam on
the outburst flood is limited (Figure 9A).

Figure 9B shows the influence of upstream inflow dischargeQin

on the inflection flow discharge Qi and peak flow dischargeQp of
outburst floods for dams with and without erodible beds. From
Figure 9B, it is observed that both Qi and Qp increase with Qin

regardless of whether there is loose accumulation of soils behind the
damor not. This is different from thefindings of previous non-erodible
bed experiments which conclude that the upstream inflow has little
effect on the peak flow discharge (Cao et al., 2011; Xu et al., 2013).
Furthermore, the increase in the upstream inflow increases the
difference of the Qout of dams with and without erodible beds
(Figure 9B). This indicates that the dams having erodible beds
more strongly influenced by upstream inflows compare to dams
without erodible beds.

TABLE 3 | Characteristic timescales and discharges for each test.

Test ID Time to
first flow
arrive tf(s)

Time to
inflection ti(s)

Time to
peak discharge

tp(s)

Inflection discharge
Qi( × 10−3 m3/s)

Peak discharge
Qp( × 10−3 m3/s)

U-Q2.0 46 79 97 3.2 14.9
U-Q3.0 54 71 91 0.7 15.7
U-Q5.3 32 47 54 2.5 17.3
U-Q6.9 30 44 50 7.7 18.4
E-Q2.0 66 119 127 1.90 16.7
E-Q3.0 55 69 96 2.80 19.5
E-Q5.3 27 41 48 14.9 27.7

FIGURE 10 | The magnification coefficient of the breaching flow varies
along the dimensionless longitudinal coordinate.

FIGURE 9 | Influence of upstream flow discharge on (A) the time to
inflection discharge and peak discharge and (B) the outburst discharge of
dams with erodible beds (Test Nos. E-Q2.0, E-Q3.0, E-Q5.3) and those with
non-erodible beds (Test Nos. N-Q2.0, N-Q3.0, N-Q5.3, N-Q6.9).
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DISCUSSION

Effects of the Upstream Inflow on the
Mechanisms of Outburst Flooding
Figure 10 shows the change of the normalized breaching
discharge (Qb

Qin
) along the dimensionless longitudinal coordinate

x/l in Stages 2 and 3 for different Qin. The ratio Qb
Qin

can also be
considered as an amplification coefficient. The l is the length from
the upstream dam shoulder to downstream dam toe. The solid line
represents the best fit to the measured data with an R2 � 0.74. The
shaded area bounded by the dotted lines represent the 95% confidence
band. The change of Qb

Qin
along the dam surface can be defined by an

inverse proportional relationship of the form: Qb
Qin

� 0.25 + 0.37
x/l . This

shows that the amplification coefficient of the breach discharge
decreases gradually along the dam body in a non-linear
fashion. A schematic diagram in the inset of Figure 10
illustrates the geometric mechanisms behind this behavior.
The Qb

Qin
values of the experimental data of Jiang and Wei (2020)

falls between 2-5 at the upstream dam shoulder (x/l � 0),
reasonably falling within the range of values obtained in
this study (Figure 10). In addition, the amplification factor
is asymptotic to 0.62, i.e. the average of breaching flow
discharge of Stages 2 and 3 above the dam cannot be less
than 0.62 times of the inflow discharge. Therefore, with the
increase of the upstream inflow, the flow at the outlet increases,
which leads to the larger downstream outburst floods.

Influence of Loose Deposits Behind the
Dam on the Mechanism of Outburst Flood
Another phenomenon is that the peakflowof damswith erodible beds
are higher than thosewithout erodible beds (Table 3). Thismeans that
the loose deposits have amagnifying effect on the outburst floods. The
enhancement effect of the loose deposits in the fluid is often observed
in debris flow experiments involving movable beds. Iverson et al.
(2010) argued that the amplification effect of debris flows can be

FIGURE 11 | The (A) discharge of the outburst floods and (B) density of the outburst flood in tests N-Q5.3 and E-Q5.3. The (C) velocity and (D) water depth of
outburst floods in Stages 1 and 2.
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attributed to the influence of excess pore water pressures in erodible
bed due to load process. However, the water content of the loose
deposit in this study is almost zero, therefore it is still not clearwhat the
amplification effect is.

Figure 1A shows the outburst hydrographs of tests N-Q5.3 and
E-Q5.3 where the three stages detailed in the previous sections can still
be observed. In order to compare outburst discharge at different Stages
of those two sets of downstream conditions, the hydrographs are
projected in dimensionless time (t/ti), where t is the time of flow and ti
is the time of inflection discharge. In Figure 11A it can be noticed that
prior to the peak discharge (Stages 1 and 2), there is a period of time in
which the flow front still travels from the dam toe to themeasurement
location (5m away), in which no discharge data is recorded. After
which, the outburst discharge begins to gently increase, marking the
arrival of the initial minor surges. A sudden positive change in the
discharge trend–an inflection point–is observed at t

ti
� 1, marking the

occurrence of outburst flooding. This steep rise in the inflection
discharge ends when the peak discharge is achieved.

Figure 11B shows the density of the outburst floods of tests
N-Q5.3 and E-Q5.3. The density of flows steadily decrease in two
tests. Before the peak discharge, during the early stages of the dam
failure, the flood density is relatively high in both conditions
(Jiang et al., 2017) (Figure 11B). The transition to the lower
densities corresponds to the time at which the inflection discharges are
recorded. The density of the discharge of dams with erodible beds are
noticeably larger than those without. The outburst floods in test
N-Q5.3 are comparable to low-density turbidity currents (Middleton
and Hampton, 1973; Mulder and Alexander, 2001) (with densities
lower than 1165 kg/m3), while the flows in test E-Q5.3 can be likened
to sediment flows (with densities more than 1165 kg/m3 and less than
1460 kg/m3) or even debris flows (more than 1460 kg/m3). Once the
material starts to move down the slope, it will once again increase the
momentum of the outburst flood and further increase the flow
velocity of outburst flood (Figure 11C). The erosion of loose
deposits in the erodible bed increases the sediment concentration
and hence the flow depth (Figure 11D). Thus the increased outburst
flood discharge of dams with erodible beds behind them are mainly
due to increased flow height which results from the increased
sediment concentration in the entraining flows.

CONCLUSION

By using flume modelling tests, the effects of upstream inflow
discharge and downstream bed erodibility on the breaching flow
and outburst flooding induced by landslide dam overtopping failure
are investigated. The spatial-temporal evolution of breaching flows on
different overtopping failure stages are presented in detail. In addition,
the mechanisms underlying the enlargement of outburst flood
discharge due to the presence of erodible beds behind landslide
dams are discussed. The key conclusions drawn are as follows:

1) The breaching flow develops consistently with the
downstream outburst. It can be divided into three stages
where each stage is defined by distinct discharge dynamics.
The definition of these stages are unaffected by the presence of
an erodible base behind the dam. Furthermore, the maximum

value of breach discharge increases with the increase of
upstream inflow.

2) The breaching flow above the dam gradually decreases along the
longitudinal direction. The average value of the outburst
discharge at different sections during the different stages
gradually decrease. The rate of decline of the breaching flow
discharge in rapid failure stages (Stages 2 and 3) is higher than
that of Stage 1. In addition, the larger the upstream inflow, the
faster the dam breaching discharge decreases in Stages 2 and 3.

3) The scale amplification of the breaching flow decreases along
the dam surface. An inverse equation is proposed to define the
spatial evolution of the scale amplification (Stages 2 and 3).
The rate of decline is asymptotic to a limit Qb

Qin
� 0.62 at the

downstream dam toe.
4) The larger the inflow, the larger the peak discharges, and the

shorter the time it takes to reach the said discharge. The
dependence of peak discharge and inflection discharge on
inflow is stronger when an erodible bed exists behind the
dam. The replenishment of loose deposits behind the dam is
an important reason for the significant increase of its peak
outburst discharge.

The failure process of a landslide dam is a complex process which
involves geotechnical and hydro-dynamic concepts. As a
simplification, we only consider the evolution of overtopping flow
of a dam body with one shape. The void ratio of the dam is kept
uniform along the depth to imitate a naturally loose accumulation.
Although the influence of inflow discharge on the peak outburst
flood discharge is also affected by storage capacity, water content,
and the density and gradation of the loose deposits behind the dam,
these variables are not considered in this study. These items will be
the focus of our future work, along with the consideration of the
interactions between the scale amplification and breaching flow
during the landslide dam failure.
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