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River blockage by landslides is a common geological disaster in mountainous regions that threaten the safety of
human lives. Therefore, it is necessary to better understand the formation and failure of landslide dams. In this
work, flume experiments are conducted to study the influence of landslide mobility and river flow dynamics,
both characterized by the Froude number, on the formation process of landslide dams and the degree of river
blockage. Here, river blockage is classified as either complete or partial depending on the ratio between the
minimum dam height over the river flow depth. A criterion based on the relative Froude numbers of landslides

and rivers is proposed to judge the degree of river blockage. We further found that during breaching, the erosion
rate is still mainly controlled by the Froude number of the breaching flood and less so by the degree of blockage.
The results of this work are expected to enhance the understanding of the formation and failure of landslide

dams.

1. Introduction

The formation and failure of landslide dams are common geological
disasters in mountainous regions (Costa and Schuster, 1988; Coussot and
Meunier, 1996; Xu et al., 2009; Fan et al., 2020; Luo et al., 2022). The
water level behind these natural dams rise over time, eventually
breaching the crest which result in further structural failure and
outburst flooding (Cui et al., 2009; Fan et al., 2019; Jin et al., 2022; Zhou
et al., 2022a). Landslide dam failure releases massive amounts of water
and soils over a short period of time, posing a great threat to commu-
nities and infrastructure downstream (Korup, 2002; Ermini and Casagli,
2003; Tacconi Stefanelli et al., 2016; Zhong et al., 2021; Shi et al., 2023).
One such event is the Tangjiashan landslide dam induced by the 2008
Wenchuan Earthquake, in which the impounded river formed a huge
dammed lake which threatened more than 2.5 million people down-
stream (Dong et al., 2011; Peng and Zhang, 2011; Fan et al., 2012; Xu
etal., 2013). It is therefore important to better understand the formation

process of landslide dams and the mechanisms that control their failure
to further support the related hazard prevention and mitigation.

When landslides rush into rivers, some of the landslide material can
be immediately carried away by the river’s flow. Consequently, the
shape of the landslide dam and the extent of the river blockage are
influenced by the landslide’s mobility and the river’s dynamics.
Consider two landslides of equal volume but different velocities entering
the same river. A slow-moving landslide’s momentum can be easily
counteracted by the river’s flow, making it more likely to be redirected
along the river’s course. This redirection may prevent the landslide from
reaching the opposite bank, resulting in only a partial blockage of the
river (Costa and Schuster, 1988). After the landslide material settles,
water can continue to flow through the unblocked sections of the river
(Fig. 1a and b) (Liao et al., 2019; Nian et al., 2021). In contrast, a fast-
moving landslide’s momentum can easily overcome the river’s flow,
allowing it to reach the opposite bank and completely block the river
(Fig. lcand d) (Xu et al., 2013; Luo et al., 2022; Zeng et al., 2022). This
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creates a natural dam that impounds the river’s flow, which may later be
released as outburst floods. These processes illustrate that both the
extent of river blockage (formation of landslide dams) and subsequent
dam breach modes are influenced by the interaction between landslide
mobility and river flow dynamics (Schuster, 1986; Chen et al., 2015; Shi
et al., 2022).

The influence of river dynamics on landslide dam formation is sig-
nificant but is often ignored in existing landslide dam studies, e.g. Xu
et al. (2013); Zhou et al. (2019b); Li et al. (2020a). Recent studies
incorporated the influence of rivers on landslide dam formation, but
usually assume constant discharges, ignoring the influence of variable
water flow rate on landslide dam formation and river blockage (Liao
etal., 2019; Luo et al., 2022; Zhu et al., 2023). Nian et al. (2020) and Jin
et al. (2022) considered the influence of landslide discharge and water
flow rate on the degree of river blockage. Flow regimes impact the
formation of landslide dams, especially the deposit height (Liao et al.,
2019), but are not clearly reflected by the discharge since a single
discharge value can correspond to several flow regimes. Landslide and
river flows are driven by gravitational forces, and the interaction be-
tween them is strongly influenced by changes in their momentum (in-
ertial forces) (Choi et al., 2015). Dimensionless quantities, such as the
Froude number (the ratio of inertial forces to gravitational forces), can
be used to characterize both the landslide and river flow regimes and at
the same time can be used as a parameter for determining degree of river
blockage.

The degree of river blockage can influence the erosion mechanism
during dam breach (Swanson et al., 1986; Liao et al., 2019; Zhou et al.,
2022a). When the river is partially blocked by small-scale landslides
with low mobility, lateral erosion is the primary erosion mechanism as
river flow can pass by or through the deposit without interruption
(Fig. 1a and b). However, when a large-scale landslide with high
mobility completely blocks a river channel, the upstream inflow level
has to gradually rise to flow over the landslide dam (Fig. 1c and d); in
this condition, the erosion mechanism of the large-scale landslide dam
by the outburst flood includes both lateral and longitudinal erosion
(Zhang et al., 2021; Shi et al., 2022). Although large-scale landslide
dams are considered more threatening and have been the primary focus
of research on the dam failure and erosion, partial and complete
blockages by relatively small-scale landslide dams occur more
frequently and thus deserve to be understood more clearly (Ermini and
Casagli, 2003; Fan et al., 2012; Fan et al., 2020; Takayama and Imai-
zumi, 2022). Therefore, it is necessary to investigate the dam failure and
erosion processes of small-scale landslide dams that cause partial or
complete river blockage.

In this study, we conduct flume experiments to investigate the con-
ditions that lead to the complete or partial damming of rivers by land-
slides and the failure mechanisms corresponding to these modes of
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blockage. The tests are intended to (i) relate the degree of river blockage,
i.e. extent of redirection and deposition height, to the river flow dy-
namics and landslide mobility, (ii) propose a method to determine
whether a river can be completely or partially dammed by a landslide
only on the base of landslide mobility and river flow dynamics quanti-
fied by using the Froude number, and (iii) investigate the relationship
between the flow regimes of the outburst flood and the lateral erosion
rate of the landslide dam. Results from this work are expected to
enhance the comprehension of river blockage mechanisms and in-
troduces a novel method for early identification of landslide dam for-
mation and breaching.

2. Experimental method
2.1. Experimental set-up and materials

The experiments are conducted at the Dongchuan Debris Flow
Observation and Research Station (DDFORS), Dongchuan District,
Kunming City, Yunnan Province, China (N26°14, E103°08). The
experimental apparatus (Fig. 2) is composed of two channels that are
welded perpendicular to each other. One channel, here referred to as
Channel No. 1, is an inclined flume in which granular materials are
released. Channel No. 1 is 0.20 m wide, 3.40 m long, and 0.40 m deep,
and is constantly inclined at = 40° (Fig. 2a). Landslide are stored and
released from pluggable gates that can be installed at three different
locations along Channel No. 1. Altering the initial locations of the
landslide mass L = [1.5,2.1,2.7] m (the distance from the end of Channel
No. 1) is done to achieve different landslide velocities. Channel No. 2 is
positioned perpendicular to Channel No. 1 and serves as a modeled
river. This section is 4.45m long, 0.40 m wide, and 0.40 m deep
(Fig. 2b). Channel No. 2 is wider than Channel No. 1 in order to facilitate
a clear observation of the river blockage by landsliding. For the same
reason, sidewalls are set perpendicular to the ground instead of being
inclined at an angle which are more akin to natural gully geometries.
Clearwater is pumped into Channel No. 2 from a water tank and the
inflow rate is adjusted by increasing or decreasing the number of water
pumps. The water inlet is 0.70 m away from the intersection of the two
channels and an energy dissipation net is positioned 0.20 m from the
inlet to minimize turbulence (Fig. 2a).

Four digital video cameras (SONY FDR-AX40, 1440 x 1080 pixels,
25 fps) are used to monitor the experiment. Camera#1 is installed at the
outlet of Channel No. 2 to obtain a cross-sectional view of the landslide
moving into the river and the subsequent dam formation. Camera#1
also records the width change of the breached section of the dam over
time. Camera#2, positioned at the side of Channel No. 2 and focuses on
the intersection with Channel No. 1, primarily captures the water flow
depth and the motion of tracer particles that are put into the water flow
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Fig. 1. The two types of river blockages by landslide identified based on the relationship between the minimum deposit height hy and water depth h,,: (a) and (b) are

partial blockage scenarios; (c) and (d) are the completely blocked scenarios.
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Fig. 2. Schematic diagram of the set-up as seen (a) from the top and (b) from the side. (c) Real photo of the set-up and the positions of the cameras.
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Fig. 3. (a) The landslide material used in this paper (Hu et al., 2020), (b) Particle size distribution of the granular flow material (solid line). The dashed lines are
particle size distributions obtained from the literatures for comparison (Chen et al., 2019; Niu et al., 2023; Wu et al., 2020; Zhang et al., 2019; Zhou et al., 2019b,c;
Zhou et al., 2022d).
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when the river is stable. Camera#3 is installed above the confluence of
the two channels to obtain a top view of the landslide intrusion and river
blockage. Camera#4 is installed beside Channel No. 1 to record the
landslide movement along the chute (Fig. 2a and c), from which mea-
surements of its flow height and velocity are obtained. The formation of
landslide dam and subsequent failure are observed through transparent
plexiglass walls. Grids are drawn over the glass sidewalls to facilitate
measurement of the velocity and depth of the landslide and river flow
(Fig. 2¢). To reduce the perspective distortion caused by the camera, we
placed the camera as close as possible to the gridded side wall.

The landslide materials used in the experiments are mixtures of 0.4 ~
0.6 mm glass beads and non-uniformly sized pebbles that represent the
fine debris and granular materials in landslides, respectively (Fig. 3a).
The color contrast of these materials with water allows for clear obser-
vation of the formation and failure process of the landslide dam. The
landslide materials are thoroughly dried before each experiment to
eliminate the influence of moisture. The weight, composition, and size
distribution of the landslide materials are held constant in all test cases.
Fig. 3b shows the grain size distribution of the landslide material used in
the experiment. Where the maximum diameter is 20 mm and the median
particle size dsg is 3.70 mm. The grain density p, is 2747 kg/m® and the
interface friction angle a between the landslide materials and the bed of
both channels is 33.5° (Hu et al., 2020). Each test uses a total material
volume of 0.016 m®. Evenly mixed granular materials are poured into
Channel No. 1 behind the sluice gate. Upon initiating the experiments,
the water pump and cameras are activated. After the water flow stabi-
lizes, the sluice gate is rapidly opened, allowing particles to flow down
Channel No. 1 and subsequently block Channel No. 2, forming the
landslide dam.

2.2. Test design

The degree of river blockage is related to the flow regime of the
landslide and river. To compare the landslide mobility and river flow
dynamics, the Froude number is used:

Vs(w)

/&hs(w)cos

where v and h are the landslide and river flow velocities, g is the ac-
celeration due to gravity (9.8 m/s?), and @ is the slope angle. The sub-
scripts s and w denote that the quantities are for the landslide and the
river respectively. The velocities of the landslide and water flow are
determined by tracking tracer particles floating on their surfaces, while

Frs(w) = (1)
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their flowing depths are obtained by analyzing the snapshots from the
sidewalls recorded by Cameras#2 and 4.

Each test set-up is characterized by a combination of Fr; and Fr,,. As
mentioned in Section 2.1, Fr; is varied by adjusting the release height of
the landslide, and ranges between 5.27 and 6.85. The Fr, is varied by
adjusting the water inflow rate between Q = [0,2,2.9,4.1,5.1,6.1|L/s
which corresponds to river flow Froude numbers from 1.11 to 1.76. A
test case where Q = 0 L/s serves as reference case. This method ensures
comparability of flow rates by measuring the surface flow velocity of the
fluid before interaction. The test set-up, and the Froude numbers of both
the landslide and the river flow are summarized in Table 1. Note that all
the Fr; and most of Fr,, values used here fall within the range of values
found in the literature for landslide (0.5 ~ 15.8) (Cui et al., 2015; Chen
et al., 2021b; Cheng et al., 2022) and river flows (0 ~ 1.5) (Seip, 2004).
Furthermore, representative cases were chosen in the results section to
clearly demonstrate the phenomena and highlight the features
measured, with no particular reason for their selection.

2.3. The breach discharge measurement of landslide dam failure

After the landslide deposits in the river, the upstream water level
gradually rises due to continuous inflow. Dam breach and erosion occurs
when the water level exceeds the height of the dam. In this work, we
focus on the lateral erosion, since the deposit height is small making it
difficult to observe and accurately measure erosion along direction of
vertical riverbed (longitudinal erosion). Fig. 4a shows the typical
erosion process of a landslide dam and Fig. 4b is a schematic diagram
illustrating the lateral erosion of a landslide dam by outburst flood,
where e, represents the lateral erosion rate. The change in the river
width is measured from the cross-sectional outlines of the deposit. The
velocity of water flow during dam breaching can be calculated through
changes in the breach discharge and the cross-sectional area of the dam
breach. The outburst discharge can be calculated as:

Qy = AV, /At @)

where AV, is the volume of the burst flood in fixed time; At is a fixed time
interval. Since the flume side walls are made up of smooth plexi-glass,
sidewall friction is minimized.

Fig. 4c illustrates the volume change of the dammed lake over At
with the failure of the landslide dam. To make the measurement of AV}
more accurate, the volume of dammed lake is designated into two parts
(Part A and Part B) approximated as two geometric shapes (Fig. 4c). Part
A is calculated as the product of the distance of the water inlet to the

Table 1
Test program.
Test ID L Q Vs Vw hs x 1072 hy x 1072 hg x 1072 Fry Fry Fry/Fr, Type
(m) (L/s) (m/s) (m/s) (m) (m) (m)
A-1 1.5 0 2.30 - 2.50 - 5.60 - 5.31 - -
A-2 Group-A 2.00 2.30 0.52 2.50 2.00 6.80 1.17 5.31 4.53 CB
A-3 [ ) 2.90 2.50 0.57 3.00 1.90 1.50 1.32 5.27 3.99 PB
A-4 4.10 2.50 0.78 2.80 2.60 2.50 1.55 5.45 3.52 PB
A-5 5.10 2.30 0.74 2.50 2.90 0.60 1.38 5.31 3.85 PB
A-6 6.10 2.50 0.92 2.70 3.20 0.60 1.64 5.55 3.38 PB
B-1 2.1 0 2.50 - 2.50 - 10.00 - 5.77 - -
B-2 Group-B 2.00 2.75 0.48 2.59 1.90 6.80 1.11 6.23 6.61 CB
B-3 A 2.90 2.77 0.57 2.80 1.90 8.80 1.32 6.04 4.58 CB
B-4 4.10 2.77 0.78 2.60 2.60 6.30 1.55 6.27 4.05 CB
B-5 5.10 2.77 0.78 2.50 2.90 7.50 1.46 6.39 4.37 CB
B-6 6.10 2.78 0.92 2.50 3.10 6.80 1.67 6.41 3.84 CB
C-1 2.7 0 3.13 - 3.00 - 10.00 - 6.58 - -
C-2 Group-C 2.00 3.25 0.52 3.00 1.90 10.00 1.21 6.85 5.66 CB
C-3 | | 2.90 3.25 0.63 3.00 2.40 11.30 1.29 6.85 5.31 CB
C-4 4.10 3.16 0.71 2.90 2.60 10.80 1.41 6.77 4.80 CB
C-5 5.10 3.33 0.89 2.50 2.90 6.30 1.67 6.72 4.02 CB
C-6 6.10 3.50 1.00 2.70 3.30 7.40 1.76 6.80 3.86 CB

CB is complete blocked; PB is partial blocked.
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Fig. 4. Schematic diagram of the change of breach width and the calculation of volume: (a) the change of the dam width. (b) Schematic diagram of how lateral
erosion rate is calculated; (c) a calculation method of water volume in dammed lake.

junction of the two channels (0.7 m), the width of Channel No. 2 (0.4 m),
and the depth-change of the dammed lake (Ah;); the formula is AV =
0.28Ah,. The water volume in the Part B is calculated as a trapezoidal
prism. The breach width is measured using Camera#1, while the breach
depth is determined using Camera#2. The cross-sectional area of the
landslide dam breach is modeled as a rectangular area, as only the width
of the water surface is measurable in this experiment. This area is
calculated as the product of the breach width and the depth of the
breach flood. The velocity of the outburst flood is derived by dividing
the breach discharge (Q) by the area of the breach.

3. Results
3.1. Landslide dam formation

Fig. 5a-c depicts the schematic diagram and the evolution of the
upstream depth of the dammed water (hy /h,) for an example case B-3
with dimensionless time (t = t/ \/M). The error bars are standard
deviations of measurements made over a small observation time win-
dow. Here, both the dammed water level height (h,) and time (t) are
scaled by the initial water flow depth (hy,) att = 0. The blockage process
can be designated into stages according to steep change in the river flow
hydrograph. The first stage involves the downslope flow of the landslide
material, its flux into the flowing river and its termination on the
opposite side of Channel No. 2. As the landslide rushes into river, the
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Fig. 5. The upstream water level change of the river with time of an example case B-3. (a) The schematic diagram for the water level change. (b) The evolution of the
upstream dimensionless dammed water depth of sample case B-3 in dimensionless time. (c) A closer look at the hydrograph in Stages 1-3. (d-h) Snapshots of the
different stages took by the Camera#3. The black and white arrows indicate the flow direction of the landslide and water flow velocities, respectively.
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water deflects the landslide along the direction of the flow, resulting in a
skewed deposition (Fig. 5d, t* = 72.68). In the second stage the land-
slide material completely deposits into a static granular pile in Channel
No. 2 (Fig. 5e, t* = 90.84). The oscillations observed in this stage are
from the waves of incoming water that are blocked by the dam. In the
third stage, the landslide dam is completely formed (Fig. 5f, t* =
227.11) and impounds the incoming water flow. The depth of dammed
water steadily rises until it reaches the minimum height of the landslide
dam.

Dam breaching and failure occurs in the fourth stage (Fig. 5g, t* =
408.80). While the breaching flood erodes the landslide dam, the
dimensionless depth of dammed water level continues to rise for a short
time until the outflow discharge becomes greater than the inflow, at
which point the dimensionless depth of dammed water diminishes. In
the fifth stage (Fig. Sh, t* = 1839.59), the dimensionless depth of
dammed water is stable and the resulting morphology of the dam sedi-
ment is unchanged. The river flows as it did before the blockage; how-
ever, the landslide deposit that have not been washed away completely,
results in a more uneven riverbed, permanently raising the upstream
water level. This feature indicates that river blockage by landslides does
not only influence river morphology over short periods (outburst
floods), but can also permanently alter its shape. The above five stages
only occur when the river can be completely blocked by landslide.

When most of the landslide material cannot span the entire width of
Channel No. 2 (Fig. 6a), the river is considered to be only partially
blocked. Compared to the completely blocked cases, the hydrograph of
partially blocked rivers only involves three stages (Fig. 6b and c). The
first stage of the test case A-3, as in the completely blocked case, involves
the deflection of landslide by the river which causes fluctuations in the
river water level (Fig. 6d, t* = 73.58). In the second stage, the water
level rises, albeit slowly because the river is not entirely obstructed and
still allows continuous outward flow (Fig. 6e). Moreover, the potential
energy of the water flow is lower than the complete blockage, leading to
reduced erosion and breach expansion rates. Consequently, the time
required to reach the peak water level is longer, and there are no distinct
stages of water storage and breaching (Fig. 6f and g). The third stage is

@
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similar to the B-3 test, where the water depth stabilizes, and the depo-
sition of the rest landslide dam is unchanged (Fig. 6h, t* = 1635.19).

The depth and velocity of the water flow influences the formation
process of the landslide dam (Liao et al., 2019). Fig. 7 shows the
deflection and the deposition of landslide moving into the flowing water
as viewed from the top (Camera#3) and from the side (Camera#1).
Outlines of the landslide deposits are drawn to further aid visibility.
Fig. 7a;-ba show the effect of the relative velocity between the river and
the landslide on the trajectory and extent of landslide deflection. For a
constant Fr, (constant Q), the deflection decreases when the Fry is
increased. On the other hand, increasing Fr,, while keeping a constant
Fry (Fig. 7by-by) increases the deflection. The longitudinal profiles of
experiments (A-3 and C-3) where the Fr; is increased and Fr,, is held
constant, likewise show that an increase in Fr leads to a higher mini-
mum dam height. The preceding content demonstrates that the process
of landslide dam formation is influenced by the landslide mobility and
river flow regime. We quantify the relative mobility as:

Fr' = Fr,/Fr, 3)

When Fr' > 1, the mobility of landslide dictates the deposit
morphology, while the river flow is more important when Fr™ < 1.

The degree of deflection of the landslide mass can be quantified by a
deflection factor which is the ratio of the farthest distance of the deposit
upstream of the centerline (y = — 10) L; and the farthest distance
downstream of the centerline Ly:
« Lo
L = E (4)

These lengths are measured from the profiles drawn from the snap-
shots (Fig. 7a;-by). Since landslides tend to move along the direction of
water flow, L, > L; and L" > 1. Fig. 8a illustrates a negative correlation
between L* and Fr'. As Fr' is increased, the landslide momentum dom-
inates, the influence of the river flow is minimal, and L" approaches 1.
This degree of deflection can be explained by the velocity and the time it
takes for particles to move in the river. For small Fr', the velocity of the
river significantly influences the landslide’s movement along the flow
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Fig. 6. The upstream water level change of the river with time of an example case A-3. (a) The schematic diagram of the water level change. (b) The evolution of the
upstream dimensionless dammed water depth of sample case A-3 in dimensionless time t". (c) A closer look at the hydrograph in Stages 1-2. (d-h) Snapshots of the

different stages of took by Camera#3.
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Fig. 7. The top view of the landslide deposition process for varying (a;-a) Fry and (b;-by) Fry, and their corresponding outlines (in cm). (c;-c3) Snapshots of the side
view of the landslide deposits for different Fr; and their corresponding deposit outlines.

direction, with increased velocities of river leading to greater particle
transport distances and consequently a larger L". Conversely, when Fr’ is
large, the landslide trajectory is only slightly altered by the low river
flow. The minimal transport of particles along the direction of river flow
results in a low L.

When the landslide is at rest, the particles that are not transported by
the water flow stop into the channel and block the river. The minimum
landslide dam height (hy) is a key parameter which dictates the mini-
mum water head and potential energy needed to overtop the dam. It is
the vertical distance from the dam base to its lowest crest point and is
obtained from Camera#1. Since the bottom of the dam is underwater, hy
is obtained as the distance of the top of the sidewall (0.4m) to the lowest
point of the dam subtracted from the sidewall height. For instances
where the minimum dam height is underwater and is near the sidewall,
as is the case for all of our partially-blocked tests, it is estimated from the
sidewalls viewed using Camera#2 (Fig. 7). Complete and partial
blockage can therefore be divided according to the ratio of hy and the
depth of the river h,,:

H :E %)

Fig. 8b shows that relative height H" generally increases with Fr’.
When the Fr' is small, the landslide mass mainly deposit in the junction
of Channel No. 1 and Channel No. 2 (see Fig. 7c;). Increasing Fr' in-
creases H (see Fig. 7¢1-c2) and the landslide mass would quickly reach
the opposite side of the junction. This is similar to the process of an
actual high-speed landslide rushing to the opposite valley slope and
climbing on it (Xu et al., 2013). Fig. 8b is split into two sections at H* =
1: when H" > 1 the river is completely blocked while it is partially
blocked when H" < 1.

3.2. Predicting degree of river blockage from Fr; and Fr,

We make use of the classification between completely blocked and

partially blocked states to formulate a relationship that may be used to
predict river blockage based on the landslide mobility and river flow
dynamics. Fig. 10 plots the Fr,, against the Fr; for each test, with data
points shaded according to the state of blockage determined from H"
(Fig. 8b). There is a clear separation between completely blocked and
partially blocked cases. We use the single-layer perceptron algorithm to
calculate the criteria for different degrees of river blockage:

Frs — A()Frw — A] =0 (6)

where Ag = 2.91 and A; = 1.53 are fitting parameters. Although, arbi-
trarily drawing a linear function to separate the degrees of blockage may
also be effective given the clear separation of the data points, we choose
to rely on a more data driven approach. This machine-learning based
method allows for future adjustment of Eq. (6) and increases the clas-
sification accuracy by increasing the amount of input data (Shynk,
1990). The coefficients Ay and A; may still change with additional data.
Fig. 10 shows that, above the critical line, Fr; is significantly larger than
Fr,, resulting in river blockage; a greater distance from the critical line
indicates a greater value of Fr" and a smaller L". The opposite is true for
data points below the critical line. When Fr; remains constant, Fr,, de-
termines the degree of river blockage and the formation of the landslide
dam. As Fr,, increases, the velocity of the landslide mass needed to block
the river likewise increases. In the experiments, Eq. (6) suggests that
when Fr,, = 0, landslide mass still needs Fr; > 1.53 to block the river
channel, as the water will prevent the landslide from reaching the
opposite bank.

In order to verify the reliability of the prediction model, we plot Frg
against Fr,, for natural landslide dam cases in which the rivers are
completely blocked (see Fig. 10). Dynamic parameters of these field
cases are collected from the literature and are summarized in Table 2.
Field surveys, remote sensing, and hydrological stations provided data
on the river width, water flow depth, and the average flow at the time of
the Yigong landslide blockage event (Yin, 2000; Li et al., 2020b). Nu-
merical simulation and remote sensing data from Dai et al. (2019) and
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Hao et al. (2021) allow for the calculation of the landslide velocity, flow
depth, and slope angle. Wang et al. (2019) used combined drilling
exploration results and numerical simulation analysis to investigate the
development characteristics and river blockage mechanism of a land-
slide in the upper Jinsha River, which yielded the dynamic parameters
needed for the calculation of Fr; and Fr,. Flow velocities and depth
needed to estimate the Froude number of the Tangjiashan landslide is
obtained from the detailed geological surveys of Hu et al. (2009) com-
bined with pre-earthquake data. We note however a relatively large
margin of error for the estimation of the flow depth since it was only
estimated from depositional profiles. The information on the flow rate of

Table 2
Parameters of natural landslide dams (rivers).
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the Jinsha River and the terrain parameters of the Baige landslide were
gathered through field surveys and dynamic deduction methods (Wu
et al., 2022b; Zhou et al., 2022¢c; Tang and Jiang, 2023). Yang (2023)
determined the dynamic parameters of the landslide by analyzing its
characteristics observed after instability. The velocity derived from field
investigation data is deemed more reliable. On the other hand, the ve-
locity of the water flow can be calculated by dividing the average
monthly discharge at the time of the event by the cross-sectional area of
the river or by using propeller velocimeters and Acoustic Doppler Cur-
rent Profilers (ADCP). Additionally, image-based methods such as Large-
Scale Particle Image Velocimetry (LSPIV) are frequently employed to
estimate river surface velocity (Wu et al., 2023). The limited availability
of field measurements during landslide dam formation means that data
estimated by the aforementioned methods, whether directly or indi-
rectly, may contain errors compared to actual values, potentially
impacting the final calculation of the Froude number.

Although the Froude numbers of these selected cases also fall within
the range documented for other landslides and rivers in the literature,
they are much smaller compared to those obtained from the experi-
ments. To further support the use of real cases as validation for the
classification model, we establish their geometric similarity with the
experimental dams through the dimensionless numbers proposed by
Peng and Zhang (2011) which has been used as design guidelines for
landslide dam experiments (Shi et al., 2022; Li et al., 2024; Ma et al.,
2024; Yang et al., 2024). These dimensionless numbers are the height-

to-width ratio (Hy/Wjy), the lake shape coefficient (Vll/ 3 /Hg) and the

dam shape coefficient (V;/ 3 /Hg), wherein Hy is dam height, Vj is the part
of landslide volume which blocks the river, V; is the volume of water
impounded by the landslide dam, Wy is width of landslide dam. In Fig. 9,
we show that both our experiments and selected field cases collapse onto
scaling curves along with numerous other landslide dams obtained from
the literature (Hao et al., 2021; Shafieiganjeh et al., 2022; Wu et al.,
2021, 2022a; Xu et al., 2013; Yang, 2023; Zhou et al., 2022b). This
shows that the dynamics and interactions that control the landslide dam
formation in these selected cases are similar to those in the experiments
and the classification criteria is applicable to both scenarios.

All data points for the natural cases, in which the rivers were
completely blocked, all fall above the critical line illustrating the
effectiveness of the Froude number-based criterion in classifying the
degree of blockage. By utilizing Eq. 6 and obtaining the Froude numbers
of the landslide and the river, it is possible to predict whether landslides
can completely or only partially block rivers.

3.3. The impact of blockage type and burst flood flow regimes on lateral
erosion rates

The lateral erosion process e, = ddly, results in the expansion of the
dam breach with time t (Fig. 4b) and accelerates the dam failure process.
Fig. 11 illustrates the variation of e, over time for a partially (A-5) and

Froude number

Reference

Landslide  River

Landslide dam Slope
Velocity Depth angle
(m/s) (m) O
Landslide  River  Landslide River

Yigong landslide 4000 230  30.00 7.00 17.00

(YL)
Jinsha river blocked
(JRB) 50.60 0.31 80.00 95.00 35.00
Tangjiashan

landslide 30.00 0.19 46.10 4.00 50.00
(TL)

Baige Landslide 6420 072 4500  12.00 50.50

(BL)

2.39 0.28 Yin (2000); Dai et al. (2019); Li et al. (2020b); Hao et al. (2021)
1.99 0.01 Wang et al. (2019)

1.76 0.03 Hu et al. (2009)

3.83 0.07 Wu et al. (2022b); Zhou et al. (2022¢); Tang and Jiang (2023); Yang

(2023)
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Fig. 9. Ternary plot of dimensionless parameters that characterize the geom-
etries of the experimental landslide dams (red circles) and the cases used for
model validation (black symbols). Other landslide dams (gray symbols), not
used for validation, are also included to show the generality of the geometrical
scaling (Shafieiganjeh et al., 2022; Wu et al., 2022a; Zhou et al., 2022b).

completely (B-6) blocked river. These cases have similar Fr” but different
degrees of river blockage (show in Table 1). Despite similarities in the
general trend in both conditions, differences emerge at the beginning of
erosion. Specifically, the erosion rate commences at zero and ascends in
completely blocked rivers before decreasing to a constant value over a
long period of time. In the partially blocked conditions, erosion rates
initiate from a non-zero value, rises up to a maximum value, and decays
toward a near zero erosion rate. Furthermore, the maximum erosion rate
in the completely blocked scenario surpasses that of the partially
blocked case due to the higher potential energy of the burst flood.

The erosion rate of the landslide dam is directly influenced by the
shear stress exerted by the water flow and the resistance of sediment
against erosion resistance. When the shear stress of the water flow ex-
ceeds the erosion resistance, particles from the landslide dam can be
entrained into the water flow. Based on mechanical equilibrium prin-
ciples, Partheniades (1965) proposed a linear erosion equation that
quantifies the erosion rate, which has been widely applied in landslide
dam studies (Chang and Zhang, 2010; Shi et al., 2022; Chen et al., 2023).
This equation has been further validated by large-scale experiments
(Zhou et al., 2019a; Zhou et al., 2022b), and is expressed as follows:

ey = kdw (Tw - Tcw) ()

where kg, (cm®/N —s) is a dimensional constant of erodibility and de-
pends on the dam material properties (Garcia-Castellanos and O’Con-
nor, 2018); 7, (Pa) is the shear stress exerted by the water flow on the
landslide dam; 7., (Pa) is the apparent erosion resistances (also called
critical shear stress) which is influenced by the cohesive nature of the
material. Different equations have been proposed in the literature to
calculate kg, and 7., some of them are summarized in Table 3. Hanson
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Table 3
Equations to calculate the kg, and 7.,
Equation References
ka1 = 0.27,,0°
dwl w ® Hanson and Simon (2001)
kawz = 0.437307°
dw2 Tow ()} Al-Madhhachi et al. (2013)
— 3.54(10-2810ds
Tan = 3.54(10 ) (10) Smerdon and Beasley (1961)
Tewz = 0.015(p, — 1000)°7 an

Mitchener and Torfs (1996)

and Simon (2001) proposed a relationship for k4, and the critical shear
stress 7., for cohesive materials (Eq. 8) based on in situ jet-testing
measurements. Al-Madhhachi et al. (2013) on the other hand estab-
lished a formula for kg, and 7z, for non-cohesive materials (Eq. 9).
Smerdon and Beasley (1961) calculate 7., based on the median particle
size (dso) of landslide dam (Eq. 10) while Mitchener and Torfs (1996),
based on the large number of laboratory and field tests, found that
density change can impact the critical shear stress, and derived a rela-
tionship between 7., and bulk density of the dam p, (Eq. 11).

The lateral shear stresses 7, can be calculated from Manning’s
equation:

L ey
=
n?

12)

where p (kg/mg), vy (m/s), and h, (m) are the density, velocity, and

depth of the eroding water flow respectively. The Manning’s coefficient
n is related to the median particle size dso (m), through n = dééﬁ /An
where A, = 20 is an empirical coefficient. The value of A, used here is
based on Wu (2013) for fixed streambeds. The lateral shear stresses can
be related to the basal shear stress through formulas proposed by Yang
and Lim (1997) and Yang and Lim (1998):

w P,
1- 0.25—) (1 + —>
( hy L L 2

1- (1 70.25‘/1) (1 +P—W> ho =

hy 2
e = 13)
w P) W,

hb PW hb
Y

where Py, is the wetted perimeter of the river bed, which is equivalent to
the breach channel; P, is the wetted perimeter of the channel sidewall,
which is equal to the depth of water flow; and W is the width of the
flume. Substituting Eq. 12 into 7 gives:

29,2
ey = kay (Ji’} 22— Tcw> a4
b

Exploring the relationship between lateral erosion rates and water
flow regimes facilitates the prediction of erosion intensity under varying
flow conditions, thereby providing a foundation for effective erosion
control measures. Therefore, the dependence of the lateral shear stress
on the outburst flow velocity and height can be summarized into an
outburst flood Froude number Fry,. Eq. 14 can therefore be re-written as:

e, = kaw (sanFrggzhi/ 5 TCW> (15)

Egs. 8-11 show that kg4, and 7, are only related to the landslide
material, while p, g and n in Eq. 12 are constant for all experiments.
Therefore, only e, h,z,/ % and Fr, are the quantities that vary with the
dynamics of the eroding water flow in Eq. 15. To obtain a direct rela-

tionship between e, and Fr;, we first relate Fr, with ehg/ 3, Fig. 12 shows
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the negative dependence of eh,f/ 3 with Fry for all test cases (except for
some test whose erosion process could not be clearly captured by
Camera#2) which can be defined by the function:

Fry
eh?® —011| e | —0.04=0 (16)

The scatter of the data points is due to the measurement errors that
result from the surging of breaching flows. Substituting Eq. 16 into Eq.
15 results in an equation which primarily depends on Fry:

Fry
ey =ka{ [0.11 [ e058 | +0.04 | Frpg?n® — 7., a7

resulting in an equation which primarily depends on Fry,. The first term
in Eq. 17 is simply the flow shear stress expressed in terms of Fr, and will
be denoted as 7.

We plot in Fig. 13 the relationship of Fr, with e, for dams that
completely (test A-3, circle) and partially (test B-4, triangle) block rivers.
There is no noticeable difference in the change of the erosion rates with
the outburst flood of completely blocked (empty circles) and partially
blocked dams (shaded triangles). The lateral erosion rate increases with
the increase of Fry. The e, of the partially blocked case is primarily
distributed under the completely blocked cases. The solid lines are
predictions made with Eq. 17 calculated using different kg4, (Egs. 8 and
9) and 7., (Egs. 10 and 11). Best-fits using kg4, show closer correspon-
dence to the experimental data despite the fact that Eq. 9 is derived from
experiments conducted on non-cohesive material. The considerable
deviation of the data points primarily stem from the erosion rate equa-
tion being derived from an idealized and widely used empirical equa-
tion, which may not be perfectly suitable for this experiment due to
differences in material properties. Additionally, the water volume in the
Part B of Fig. 4c is simplified by approximating it as a trapezoidal prism.
However, this method of simplifying the geometry of the dammed lake
introduces a series of errors, as the calculated volume may not accu-
rately represent the true volume. In contrast, Eq. 8, derived from
cohesive material, is fundamentally different from the conditions in this
study, rendering this fitting curve unsuitable for the data in this study.

4. Discussion

We conduct flume tests to investigate the dependence of the land-
slide dam deposit morphology, quantified by the deflection and height
factors, and degree of river blockage on both the landslide mobility and
river hydrodynamics. Results yield a criterion for classifying complete
and partial river blockage which may be used for the prediction of the
degree of landslide damming. The criterion is based on the Froude
number of the landslide and the river flow. Despite limitations arising
from the unavoidable simplifications and scale of the experimental set-
up, this research can contribute to the prediction of river blockage under
different regimes of landsliding and river flows.

As demonstrated in Fig. 10, the possible Froude number when a
landslide occurs is estimated through field surveys, and the Froude
number of the river can be obtained from the hydrological stations.
These data provide estimates of the Froude numbers that can be ex-
pected from events having similar scale and geological setting, which
can then be substituted into Eq. (6) through which the possibility of
complete or partial river blockage can be evaluated. More data is
required to refine the parameters in Eq. 6 (such as Agp and A;) to enhance
its applicability but the results so far obtained are promising. According
to the phase diagram in Fig. 10, a critical Froude number Fr, of 1.53 is
required to block the channel, even when the water flow velocity is
negligible, as the presence of water dissipates the momentum of the
landslide. The important parameters not addressed in this work are the
width and depth of the river. A wider river allows for a longer run-out
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Fig. 10. Experimental cases are plotted by Fr; and Fr,,, with black and white
points showing complete and partial blockages. Different shapes represent
experimental groups (see Table 1). The critical line is from Eq. 6, with gray and
white regions for complete and partial blockages. The inset shows natural
events: Yigong (YL), Jinsha (JRB), Tangjiashan (TL), and Baige (BL) landslides.

distance for the landslide, exposing it to greater hydrodynamic forces.
Consequently, a slow or less massive landslide may be unable to block a
wide river, even though it could effectively block a narrower one.
Additionally, a deeper river requires more landslide material to fill its
volume and facilitates greater fluid interaction, which dampens the
motion of the landslide. Previous studies have highlighted the signifi-
cance of river width and depth as key topographic factors influencing
the likelihood of a landslide blocking a river. Several studies have pro-
posed equations predicting landslide-induced blockages based on river
width (Chen and Chang, 2015; Chen et al., 2021a; Yu et al., 2022). In
addition, this experiment used only dry and non-cohesive materials to
investigate river blockage by the landslide. However, recent studies
have shown that material of landslide play a crucial role in determining
the formation of landslide dams, characteristics of dam structural, and
the processes of breach erosion (Zhou et al., 2022d; Zhang et al., 2023).
While these factors were not considered in this study, the effects of
channel dimensions and landslide material will be investigated in future
research. Moreover, the criterion appears to be more appropriate for
cases where high-mobility landslides block rivers, due to a lack of
experimental studies addressing slow-moving landslides in here.
Furthermore, this study does not consider the stability and longevity of
the dam, and peak discharge of the burst flood.

5. Conclusions

Through flume model tests, we simulate the processes of dam for-
mation and breaching while change both the landslide mobility and the
river flow dynamics. Based on our experiments, we conclude that:

(1) The landslide mobility and the river flow, quantified by their
relative Froude numbers Fr* = Fr /Fry, determine the formation
process and shape of landslide dam. Landslide entering rivers are
deflected along the direction of the river flow. When Fr’ is large,
landslide inertia significantly overpowers the river flow resulting
in minimal deflection. After the landslide deposits on the river
valley, degree of blockage is assessed based on the relative height
of the dam and the river water level. Increasing Fr* likewise in-
creases the degree of blockage.
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the coefficient ehg/ 3 for all test cases (except for some test whose erosion pro-
cess could not be clearly captured by Camera#2).

(2) The complete or partial blockage of rivers by landslides can also
be determined from Fr'. We draw a threshold in the Fr, — Fr,
parameter space that classifies completely blocked and partially
blocked rivers. The derived threshold is able to determine the
degree of river blockage.

Experimental data reveal a positive correlation between the
lateral erosion rate of the dam and the Froude number of burst
floods (Frp). The lateral erosion rate increases with the Froude
number of the burst flood. We derive a formula that reflects the
relationship of the burst flood and erosion rates of the landslide
dam. This result enhances the understanding of the burst flood
dynamics in case of dam breaching.

(3)

Notations

Ap,A;1,A, Fitting parameters; Fitting parameters; Empirical coefficient
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measured data from tests A-3 (partially blocked) and B-4 (completely blocked),
respectively. These curves are predictions obtained from Eq. 17 calculated using
the different expression for kg, and 7.

to calculate Manning’s coefficient
Median particle size
Lateral erosion rate

dso

€w

Fr Fr Fr,, Fry Fr' Froude number; Froude number of landslide; Froude
number of water flow; Froude number of outburst flood; and
relative Froude number

g Acceleration due to gravity

hg,hs,hy, Minimum height of landslide dam (vertical distance from the
dam bottom to the lowest point on the landslide dam); flow
depth of landslide; and initial depth of water flow

h,hy, Ah.,hy,H,H; Flow depth of the fluid; depth of upstream water
flow; depth-change of the dammed lake; depth of the burst
water; relative height; and dam height

Kaw,kaw1 ,kaw2 Dimensional constants of erodibility; erodibility calculate

by Eq. 8; and erodibility calculate by Eq. 9

Slide distance of landslide; the longest distance of the deposit

upstream of the centerline; and the longest distance

downstream of the centerline; deflection factor

n Manning’s coefficient

LLyLyL"

Py, P, Wetted perimeter of the bed; and wetted perimeter of the
channel sidewall

Q,Q Inflow rate; and breach discharge

t,t",t;, At The initial time of the experiments; dimensionless time; the

time at step i; and fixed time interval

V,Vs,Vw,Vp Velocity of the fluid; velocity of landslide; velocity of water
flow; and velocity of burst water

AVy, Vg4, Vi Burst volume of the breach flood in fixed time; the part of
landslide volume which blocks the rive; and the volume of
water ponded behind the landslide dam

Wy, Wyi, Aw, W, W; The width of dam breach; the width at step i; width-
change of the dam breach on fix time, width of the flume;
width of landslide dam

a Interface friction angle
[ slope angle
PPy Density of burst water; bulk density of the material

Tw,Tew, Tewl , Tewz  Shear stress exerted by the water flow on the landslide
dam; signifies apparent erosion resistances; erosion
resistances calculated by Eq. 10; and signifies apparent
erosion resistances calculate by Eq. 11

€ The coefficient relates the lateral with the basal shear stress



H. Luo et al.

TEr Flow shear rate expressed in terms of Fry
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