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Abstract: A cascading failure of landslide dams
caused by strong earthquakes or torrential rains in
mountainous river valleys can pose great threats to
people’s lives, properties, and infrastructures. In this
study, based on the three-dimensional Reynolds-
averaged Navier-Stokes equations (RANS), the
renormalization group (RNG) k-e turbulence model,
suspended and bed load transport equations, and the
instability discriminant formula of dam breach side
slope, and the explicit finite volume method (FVM), a
detailed numerical simulation model for calculating
the hydro-morphodynamic  characteristics  of
cascading dam breach process has been developed. The
developed numerical model can simulate the breach
hydrograph and the dam breach morphology evolution
during the cascading failure process of landslide dams.
A model test of the breaches of two cascading landslide
dams has been used as the validation case. The
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comparison of the calculated and measured results
indicates that the breach hydrograph and the breach
morphology evolution process of the upstream and
downstream dams are generally consistent with each
other, and the relative errors of the key breaching
parameters, i.e., the peak breach flow and the time to
peak of each dam, are less than +5%. Further, the
comparison of the breach hydrographs of the upstream
and downstream dams shows that there is an
amplification effect of the breach flood on the
cascading landslide dam failures. Three key
parameters, i.e., the distance between the upstream
and the downstream dams, the river channel slope, and
the downstream dam height, have been used to study
the flood amplification effect. The parameter
sensitivity analyses show that the peak breach flow at
the downstream dam decreases with increasing
distance between the upstream and the downstream
dams, and the downstream dam height. Further, the
peak breach flow at the downstream dam first
increases and then decreases with steepening of the
river channel slope. When the flood caused by the



upstream dam failure flows to the downstream dam, it
can produce a surge wave that overtops and erodes the
dam crest, resulting in a lowering of the dam crest
elevation. This has an impact on the failure occurrence
time and the peak breach flow of the downstream dam.
The influence of the surge wave on the downstream
dam failure process is related to the volume of water
that overtops the dam crest and the erosion
characteristics of dam material. Moreover, the
cascading failure case of the Xiaogangjian and Lower
Xiaogangjian landslide dams has also been used as the
representative case for validating the model. In
comparisons of the calculated and measured breach
hydrographs and final breach morphologies, the
relative errors of the key dam breaching parameters
are all within +10%, which verify the rationality of the
model is applicable to real-world cases. Overall, the
numerical model developed in this study can provide
important technical support for the risk assessment
and emergency treatment of failures of cascading
landslide dams.

Keywords: Cascading landslide dams; Cascading
dam failure process; Detailed numerical simulation
model; Flood amplification effect; Parameter
sensitivity analyses

1 Introduction

Triggered by earthquakes and rainfalls, landslide
dams are one of the common natural disasters in
mountainous river valleys (Costa and Schuster 1988;
Fan et al. 2020). Comparing with artificial
embankment dams, landslide dams have three major
characteristics that are different from the embankment
dams, i.e., dam configuration, dam material, and
hydrodynamic condition (Zhong et al. 2021; Zhou et al.
2022). Firstly, the base of a landslide dam is relatively
longer in the longitudinal direction along the blocked
river. Its upstream and downstream slope angles are
smaller and the dam crest is uneven. Secondly, the
material of a landslide dam is not uniform and often
has a wide gradation. Thirdly, due to a lack of drainage
facilities, most landslide dams fail by overtopping flow
shortly after their formation; about 85% of the
landslide dams have the longevities of less than one
year (Shen et al. 2020). In general, the landslide dams
often have relatively small hydraulic gradients due to
their configurations. Therefore, landslide dams are not
susceptible to seepage failure. The statistics showed
that more than 90% landslide dam failures were
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induced by overtopping flow (Zhong et al., 2021). It is
worth mentioning that clusters of landslide dams may
be scattered along mountainous river valleys after
large earthquakes (Cui et al. 2009). As such, the
cascading landslide dams may collapse like dominoes
(Hu et al. 2022). For instance, after the occurrence of
Wenchuan earthquake in 2008 in China, 257 landslide
dams were formed, resulted in severe flash floods after
their failures (Fan et al. 2018).

In recent years, both experimental and numerical
studies were conducted on overtopping-induced
breach morphology evolutions and their subsequent
hydraulic characteristics of cascading landslide dams.
Cao et al. (2011), Niu et al. (2012), Zhou et al. (2013,
2015), Chen et al. (2014), Takayama et al. (2021),
Zheng et al. (2022), and Hu et al. (2022) conducted a
series of model tests that exhibited the cascading
failure process of multiple landslide dams and their
influencing factors. The research results indicate a
general cognition that a considerable larger peak
breach flow may occur due to the cascading landslide
dam failures as compare to that of a single landslide
dam failure. Further, the configuration of landslide
dams, physical and mechanical characteristics of dam
material, and hydrodynamic conditions in the model
tests have also been discussed. These findings give
important insights on the breach process of a cluster of
landslide dams in a river channel. However, the
breaching model tests for cascading landslide dams
were scaled and simplified, and there were many
limitations in the layout and boundary conditions of
the model tests. Therefore, it is difficult to truly
reproduce the hydro-morphodynamic characteristics
of an actual cascading failure of landslide dams.
Therefore, in the risk assessment of cascading
landslide dam failures, the numerical simulation
method is preferred. It is to ensure that by using a
scientific method, the breach hydrograph and the
breach evolution process are determined on a
reasonable basis.

Recent developments in computational fluid
mechanics and sediment transport have helped to
develop numerical models that are useful for risk
assessment and emergency treatment of landslide dam
failures. However, most of them have been developed
for a single landslide dam failure, while numerical
models specially developed to predict flood
hydrographs caused by the cascading failures of
multiple landslide dams are relatively rare. Some
numerical models for a single landslide dam failure
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have been modified and applied to cascading landslide
dam failures, which can be classified as simplified and
detailed physically-based models, respectively.
Modified from a simplified physically-based landslide
dam breach model developed by Chang and Zhang
(2010), Shi et al. (2015) reproduced the flood
hydrograph caused by the cascading breaching of the
Tangjiashan landslide dam and two smaller
downstream landslide dams in the Tongkou River,
China. Thereafter, Zhu et al. (2021) presented the work
on risk-based warning decision making on the
breaching of the same cascading landslide dams. Based
on the simplified physically-based model proposed by
Chen et al. (2015), Chen et al. (2018) reviewed a
cascading landslide dam failure case caused by the
Wenchuan earthquake. Utilizing the two-dimensional
shallow water equations and non-equilibrium
sediment transport models (i.e., Cao et al. 2004; Guan
et al. 2014), Cao et al. (2011) and Yang et al. (2020)
developed detailed physically-based models to depict
the hydro-morphodynamic process during cascading
landslide dam failures.

For a simplified physically-based model, to
facilitate the numerical calculations, only regular
shapes can be used in the dam configuration and
breach morphology during a failure process, and the
breach size development and the corresponding flood
hydrograph through the breach are estimated using the
simplified soil erosion and weir flow equations,
respectively. Developed under certain simplifications
and assumptions, the simplified physically-based
model has the characteristics of considering only the
necessary minimum physical processes and high
computational  efficiency = (ASCE/EWRI  Task
Committee 2011; Zhong et al. 2016). On the other hand,
the simplified model has shortcomings in the
description of hydrodynamic and morphodynamic
processes (Wu et al. 2024).

In order to scientifically and reasonably mimic a
cascading failure of landslide dams, detailed
physically-based models are preferred, because they
can consider the complex terrain and hydro-
morphodynamic characteristics during landslide dam
breaching. The comparison of the numerical
simulation results and model test data showed that the
detailed physically-based models calibrated with
observed data for a single landslide dam were
applicable to cascading failures of landslide dams (Cao
et al. 2011; Yang et al. 2020). However, there are only
few three-dimensional detailed numerical models
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available for simulating cascading dam failures. There
is also insufficient research on the factors affecting the
amplification effect of cascading dam breach flow.

This study seeks to address the research gaps by
developing a detailed numerical model to simulate the
hydro-morphodynamic process due to the failure of a
cluster of landslide dams in a river valley. In this study,
to track the water-sediment interface of free-surface
flow, the three-dimensional Reynolds-averaged
Navier-Stokes equations (RANS) equations which
include the continuity and momentum equations, and
the volume of fluid (VOF) method have been integrated
to describe the motion of the incompressible fluid. The
renormalization group (RNG) k-e turbulence model
has been used to describe the hydrodynamic features
of the turbulent flow due to landslide dam breaching.
The equilibrium suspended and bed load transport
equations have been used to depict the erosion and
sedimentation processes of landslide deposit under the
action of flood flow. An explicit finite volume method
(FVM) has been utilized to solve the governing
equation, and a numerical simulation method by
lowering the higher elevation cell and raising the lower
elevation cell based on the soil internal friction angle
has been used to simulate the breach side slope
instability. The model developed in this study has been
verified by the experimental data of two cascading dam
failures. Subsequently, considering the cascading dam
distribution, the potential energy of the river, and the
dams' geometry, three key parameters, i.e., the
distance between the upstream and downstream dams,
the river channel slope, and the downstream dam
height have been selected for the parameter sensitivity
analyses of the cascading breach process. The
amplification effect of the cascading flood and its
influencing factors are discussed comprehensively.
Finally, the actual failure case of the Xiaogangjian and
Lower Xiaogangjian landslide dams in Mianyuan River
has been adopted for validating the applicability of the
proposed model to real-world cases.

Comparing with simplified physically-based
models and one- and two-dimensional detailed
physically-based models, the proposed numerical
model in this study offers higher precision, rendering
it more suitable for the application. Additionally, the
proposed numerical model is not confined to simple
hydrodynamic conditions, such as the steady laminar
flow. Instead, it utilizes the RNG turbulence model to
compute the complex hydrodynamic conditions. These
features make the model particularly applicable to the



cascading landslide dam breach scenarios.
Furthermore, by incorporating the entrainment and
deposition processes of suspended and bed load
sediment into the model, and considering the
instability of the breach side slope during a dam breach
process based on the mass conservation principle, the
model can scientifically consider the soil erosion
process and breach morphology evolution during dam
breaching. This enhancement enables the proposed
numerical model with advantages in simulating breach
hydrograph and landscape evolution.

2 Methods

In the numerical model developed in this study,
the calculation process of the numerical modeling of a
cascading failure of landslide dams is divided into four
steps. Firstly, for the upper landslide dam breaching,
using the clear water condition in the dammed lake,
and the suspended and bed load transport equations,
the sediment concentration of the flood flow at the
outlet of the breach is obtained. Secondly, using the
obtained sediment concentration in the breach flow for
the flood routing, in which the morphological
evolution of a river channel due to the entrainment and
deposition is calculated. Thirdly, based on the
relationship between the water level and the dammed
lake storage, and considering the sediment-carrying
inflow, the water level rising process, and the hydro-
morphodynamic process of the downstream landslide
dam breaching are calculated. Fourthly, calculate the
breach flood routing and the failure of the next
cascading dam up to the computational boundary.

The highlights of the numerical simulation of an
overtopping-induced cascading failure of landslide
dams are exhibited in two aspects: (1) the simulation of
turbulent flow during a single landslide dam breaching
and sediment-carrying flood routing, and (2) the
geomorphic evolution due to soil erosion and
sedimentation after cascading landslide dam
breaching.

In this section, a detailed physically-based hydro-
morphodynamic model is described which can predict
the cascading landslide dam breaching process. Based
on the functionality of each equation, the numerical
model is composed of three parts, i.e., fluid motion, soil
erosion, and geomorphic evolution. In addition, an
explicit FVM based numerical simulation method has
been chosen to solve the governing equations of the
proposed model.
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2.1 Fluid motion

In order to track the free surface of water and
sediment, the ratio of the fluid volume to the unit
volume (Vr) is introduced to the continuity and
momentum equations of the three-dimensional RANS
equations.

The continuity equation can be expressed as
(Movahedi et al. 2018; Mei et al. 2022):

%WVF + ;—xpqux + ;—ypwvAy + :—Z,DWWAZ =0 (1)
where py is the water density; t is time; the flow velocity
component of u, v, and w are in x, y, and z directions,
respectively; Vr follows 9Vr/dt + V-(uVr) = 0; and the
flow passing areas of Ay, Ay, and A; are in x, y, and z
directions, respectively.

The momentum equations can be expressed as

(Movahedi et al., 2018; Mei et al., 2022):

ou 1 ou ou ou 1 0P
E+V_p(uA"5+vAy5+WAZE __E£+GX+]‘;C
ov 1 v v v 1 0P
E+V—F(qu£+UAy£+WAZE ——E£+Gy+fy
ow 1 ow ow ow. 1 0P
E-FV—F(UA,CE'FUAJ,E-FWAZE)——;E‘F Gz +fz
(2)

where P is the intensity of pressure; the mass
accelerations of Gy, Gy, and G; are in x, y, and z
directions, respectively; and the viscosity accelerations
of f., fy, and f are in x, y, and z directions, respectively.
In Eq. (2), f+, fy, and f; can be expressed as:
b 945y

fi=tr 2 (3)

VF
where fi is the tensor form of viscosity acceleration, and
i can be x or y or z direction; m,; is the tensor form of
bed shear stress; Sy is the tensor form of strain rate,
which has the following expression:
S ==+ ) (34 +22) @)

8xl-

where u is the turbulent viscosity coefficient, and z is
the dynamic turbulence viscosity coefficient.

During a landslide dam breaching, the
hydrodynamic process exhibits complex
characteristics due to violent variation of streamflow
regime. However, since the standard k-e¢ turbulence
model assumes that the Reynolds stress and the
change in the time-averaged rate are linear and
isotropic, it cannot be used to solve the fluid motion
with high flow shear force and zigzag streamline. To
solve the RANS equations, and improve the
computational efficiency and accuracy of turbulent
flow, the RNG k-¢ turbulence model, which can
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improve the accuracy of the equations and consider the
complex rotating flows, has been used to simulate the
nonlinear term of Reynolds stress and the change in
the time-averaged rate (Yakhot et al. 1992):

apwk) | dpwku) _ 9 He) Ok -
e T ox;  ox; [(,u + ak) axj] + G —pwe (5)
dpwe) | dpweu) _ 0 ur\ e £ _ &
at + dx; - dxj [(M + o*g) ax,-] + Cle k CZ'DW k

(6)
where k is the turbulent kinetic energy; & is the
turbulence dissipation rate; u;is the tensor form of flow
velocity; and Gk is the turbulent kinetic energy
generated from the velocity gradients; herein, =
0.085k2/¢g, C1 = 1.42, C- = 1.68, and ok = 6: = 0.7194.

2.2 Soil erosion

During a cascading failure of landslide dams, the
variation of flow velocity leads to a change in fluid
density and viscosity coefficient due to the different
sediment concentrations in the fluid, thereby affecting
the erosion process. In general, the transport modes of
landslide deposits can vary between bed load and
suspended load (Guan et al. 2014) (Fig. 1). When the
flow rate is smaller than the deposition rate of the
particle, the suspended load will become bed load;
hence, the entrainment and deposition can be regarded
as two opposite micro-processes that occur under
different hydrodynamic conditions. The suspended
load usually has a relatively low concentration and can
be transported by the fluid flow (Mei et al. 2022).
Because of the limitation of neighboring particles, the
bed-material load is often not easy to displace, and the
accumulated particles can move in the form of bed load
by rolling, saltating, sliding, or drawing along the bed
(Samma et al. 2020).

From a microscopic view, the hydrodynamic force
around a single soil particle and the boundary layer at
the water-soil interface can be calculated in accordance
with the erosion mechanism, but there are huge
practical difficulties in the corresponding numerical
simulation. Therefore, the soil erosion process is
commonly calculated using statistically-based
empirical models from a macroscopic view.

Up to now, large number of empirical or semi-
empirical models have been developed, which can be
used to calculate the bed load transport rate. Based on
experimental results, empirical formulas usually use
the isolated factor method to develop bed load
transport rate formulas (i.e., Meyer-Peter and Muller
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1948). Based on physical assumptions, semi-empirical
models generally determine the basic structure of bed
load transport rate formulas, whereas some
parameters in the models need to be calibrated
utilizing measured experimental data (i.e., Bagnold
1966). However, significant discrepancies may exist
among these empirical and semi-empirical models
when they are applied in engineering practice. The
comparison of five bed load transport rate models (i.e.,
Meyer-Peter and Muller 1948; Bagnold 1966;
Engelund and Fredsoe 1976; Van Rijn 1984; Nielsen,
1992) with experimental data from multiple sources
(Meyer-Peter and Muller 1948; Chien and Wan 1999;
Roseberry et al. 2012) conducted by Mei et al. (2022)
showed that among the five bed load transport rate
models, the Meyer-Peter and Muller model was the
most accurate. The Meyer-Peter and Muller model has
the following expression:

ap; = K(Qi - ch’i')l.s [g (%) dis]o.s -

where @b, is the volumetric bed load transport rate per
unit width; K is the bed load coefficient; & is the
Shields parameter for soil species i, and & =
m/[gdso(ps-pw)], in which, = is the bed shear stress, d;
is the mean grain size, ps; is the soil density; g is
gravitational acceleration; and @,/ is the modified
dimensionless critical Shields parameter.

Different from the sediment transport in a river
channel, landslide dam breach morphology evolution
is also affected by the repose angle that accounts for the
breach side slope stability supported by the packed soil.
Therefore, the modified dimensionless critical Shields
parameter is expressed as follows (Soulsby 1997).

" cos i sin B+4/cos? B tan? p;—sinZ 1 sin?
9cr,i - 9cr,i tang; (8)
in which
0.3

=—22 4 0.055[1 — e~002di] )

Q.. =
ot 1+1.2d,;

where @.; is the dimensionless -critical Shields
parameter; i is the angle between the water flow and
the upstream slope; S is the bed slope angle; ¢ is the
internal friction angle of the soil species i; d-; is the
dimensionless grain size parameter, and d-,i; = dif pw(ps-
P/ 1ETY3.

The bed load layer thickness needs to be calculated
in order to determine the boundary of the bed load and
bed-material load; herein, the bed load transport rate
is converted into bed load velocity (Van Rijn 1984), as
follows:



0.5
Sp ; 9;
%bi _ 0,340 (— - 1) (10)
di gcr,i
_ abi
Ubedloadi = 5" — (11)

where &, is the bed load layer thickness; ubedioad,i is the
bed load velocity for soil species i; cb,i is the volume
fraction of soil species i; and f; is the critical packing
fraction of soil.

For entrainment, the amount of packed soil
converted to suspended load can be calculated as
follows (Mastbergen and Berg 2003):

0.3 1.5 Ps—Pw 05
B = amsd? (0 = 0™ [g(ES2%)d, | (12)

where E; is the upward entrainment velocity for soil
species i; ¢ is the entrainment rate coefficient for soil
species i; and ns is the normal direction vector for
packed bed interface.

For deposition, the soil deposition velocity of
suspended load can be defined as the product of the
effective settling velocity and the suspended sediment
concentration in the near bed.

D; = w;¢; (13)
where D; is the downward deposition velocity for soil
species 1; ax is the settling velocity for soil species 7, and
w=w[(10.362+1.049d+3)°5-10.36]/d;, in which w is the
kinematic viscosity of fluid; and c; is the near bed
suspended sediment concentration of soil species 1
(Soulsby 1997).

For each soil species, the suspended sediment
mass concentration can be expressed utilizing the
advection-diffusion equation (Samma et al. 2020), as
follows:

Zo 17 (1,,Co) = V- V(ECs,) (14)
where Cs; is the suspended sediment mass
concentration of soil species 7, which is defined as the
sediment mass per volume of the fluid-sediment
mixture; £ is the direction diffusion coefficient; us, is
the suspended sediment velocity, and us; = um + @cs;,
in which, un is the fluid-sediment mixture velocity, and

cs,i is the suspended sediment volume concentration.

2.3 Geomorphic evolution

During the cascading failure of landslide dams due
to overtopping breaching, the processes of
entrainment and deposition occur simultaneously. As
shown in Fig. 1, the geomorphic evolution in the
packed bed can be updated based on the calculations
of the fluid motion and soil erosion. The upward
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Fig. 1 Schematic diagram of the entrainment and
deposition during soil erosion.

entrainment and downward deposition can be
calculated by the conservation law of soil mass, as
follows:
dz dqpx , 94

¢35 = GE+ +D—E) (15)
where z is the elevation of the breach bottom; ¢ is the
maximum packing fraction, and ¢ can be set as 0.64
(Mei et al. 2022); gbx, by, D, E are represented as the
weighted averages of gbx,i, qby,i, Di, Ei based on the soil
content.

As the elevation of a breach bottom becomes lower,
the breach side slope angle of certain parts of the
breach cross section may exceed the critical slope angle.
In this case, the breach section becomes unstable. The
breach side slope angle will then change and become
nearly equal to the internal friction angle by lowering
the higher elevation part of the breach section and
raising the lower elevation part of the breach section
(Guan et al. 2014).

To simulate the sliding process of a breach side
slope, the mass conservation of dam material is
followed. Firstly, a central grid is selected, and
compares with the adjacent grids one by one to judge
whether the central grid and the corresponding
adjacent grids meet the sliding conditions. Secondly,
the minimum sliding height that meets the termination
of the sliding process is determined through iterative
calculations. The sliding height of each grid as the
central grid and the ascending heights of the adjacent
grids are determined, and the elevations of all the grids
are updated. Thirdly, when all the central grids have no
adjacent grids that meet the sliding conditions, the
iterative calculations stop, and the breach slide slope is
considered stable. The sliding process can be described
as follows (Fig. 2) (Guan et al. 2014; Mei et al. 2023).

Zig1 = Zjp1 — Az
{ L+le-’ = Z:Ji Az (16)

where z' and zi+' are the bottom elevations of the ith
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and (i+1)th cells after sliding, respectively; z; and zi:.
are the bottom elevations of the ith and (i+1)th cells
before sliding, respectively; Az is the variation of the
bottom elevation caused by sliding, and Az=AL(tan/
tang)/2, in which, AL is the distance between two
adjacent cells.

Previous slope

..... Corrected slope

z

i |
k 1
AL

Fig. 2 Schematic diagram of bottom elevation variation of
two adjacent cells due to sliding.

Sem

8w, e @
S L)
* Upstream dam = 3

em—Rgen

Downstream dam

(b

3 Downstream dam

2 Upstream dam

2 3

Fig. 3 3D computational model and monitoring sections:
(@) Model layout in the numerical modeling; (b)
Monitoring sections in longitudinal of cross profiles (top
view).

Table 1 Input parameters and their values in the
numerical model

Input parameter Value
Flume length (m) 5
Flume width (m) 0.3
Bottom width of model dam (cm) 47
Top width of model dam (cm) 5
Slope angle of flume (°) 8
Height of model dam (cm) 27
Slope ratio (Vertical/Horizontal) 9:7
Distance between two dams (m) 2

2.4 Numerical simulation method

The continuity and momentum equations of the
three-dimensional RANS equations are solved utilizing
an explicit FVM on structured staggered grids. The
calculated region is subdivided into a mesh with fixed
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rectangular cells, and all the calculated variables are
set at the center of each cell except for the flow
velocities, which are located at cell-faces. To avoid
instability in the numerical simulations, the
calculation time step and the mesh size are set at a
reasonable step and size with due consideration of the
soil erosion process, thereby ensuring the soil
transportation does not cross multiple computing cells
in one time step. The Euler model based VOF method
which can accurately describe the interface between
water and soil is used to trace the free surface flow by
the ratio of the fluid volume to the unit volume (Hirt
and Nichols 1981; Marsooli and Wu 2015). Combining
with FAVOR (fractional area/volume ratio) method,
the geometric features of a complex solid can be
analyzed accurately (Liang et al. 2019). That is, when
the ratio of the fluid volume to the unit volume is less
than 0.35 in a computational grid, it is considered that
the grid is full of sediment; otherwise, the grid is
considered to contain all water. In addition, due to its
advantages of fast convergence and high
computational accuracy, generalized minimal residual
method is used to solve the algebraic equations
(Samma et al. 2020).

3 Validation and Results

3.1 Model set-up and input parameters

In order to verify the detailed numerical model
developed in this study, a flume model of a two-
cascading landslide dam breaching was conducted by
Hu et al. (2022). The results of the model test have
been used as a benchmark to study in detail the
evolution of the breach hydrograph and breach
morphology. The upstream and downstream dams are
identical in morphology, and the distances between the
inflow boundary and the upstream and downstream
dams are 1.5 m and 3.5 m, respectively (Fig. 3a). The
input parameters and their values in the numerical
model are shown in Table 1.

The grain size distribution curve of the dam
material used in the simulation is illustrated in Fig. 4.
To simulate the soil properties of the dam material
accurately, two particle sizes were selected to mimic
the fine and the coarse particles respectively, of which
17% were fine particles and 83% were coarse particles.
Kumari et al. (2019) have conducted sensitivity
analyses on the critical Shields number, entrainment



Table 2 Basic physical and mechanical parameters of
dam materials

Value

SyETEE R ETE s Coarse particles

Fine particles

dso (mm) 0.45 3.50
ps (kg/ms3) 2650 2650
Orr 0.15 0.20
a 0.02 0.02
K 7 7
(%) 65 65
Percentage (%) 17 83

Note: dso, the mean grain size; ps, Soil density; &,
dimensionless critical Shields parameter; ¢, the
entrainment rate coefficient; K is the bed load coefficient;

¢, the internal friction angle.
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Fig. 4 Grain size distribution of the dam material.
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Fig. 5 Comparisons of measured and calculated breach
hydrographs at the upstream and downstream dams.

coefficient, and bed load transport coefficient to
determine the optimal range of the coefficients.
According to the results of their analyses, the values for
the basic physical and mechanical parameters of the
dam material have been selected, which are shown in
Table 2. To achieve accurate simulation results, the
dam body size, particle size, and the boundary
conditions in the numerical modeling are the same as
in the physical model test. Herein, the upper boundary
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of the model has been set as the flow boundary, and the
inflow is 0.75 L/s, which is a constant inflow in the
numerical simulation. The lower boundary has been
set as a free flow boundary, and the two sides of the
flume have been set as rigid bodies with non-slip
boundaries.

Throughout the simulation workflow, the reliance
of computational outcomes on grid granularity
constitutes a pivotal element of consideration. A
diminutive mesh scale predisposes the numerical
operations to divergence, which compromises the
stability of the system. Conversely, an excessively
coarse grid fails to capture the intricacies of
topographical features within the three-dimensional
representation, thereby undermining the fidelity with
which erosion and deposition dynamics associated
with mass wasting phenomena are modeled. The
extent to which the simulation results are contingent
upon mesh size is modulated by an array of parameters,
encompassing the dimensions of the particulates
constituting the dam material, the spatial extent of the
computational domain, and the prevailing hydraulic
conditions. In pursuit of balance between
computational expediency and precision, whilst
concurrently safeguarding the stability of the
numerical procedure, the model has been discretized
employing structured grids, with each grid
dimensioned at 1 cm by 1 cm. To compare the
calculated results with the measured data, three
monitoring sections in the longitudinal profile (Section
1-1) and cross profile (Section 2-2 and Section 3-3)
have been set at the upstream and the downstream
dam axes to obtain the calculated breach hydrograph
and breach morphology evolution during the cascading
landslide dam breach process (Fig. 3b).

3.2 Breach hydrograph

The numerical simulation results show that 110 s
after the flume was filled, the water overtopped the
upstream dam crest, and the peak breach flow reached
7.0 L/s at 116.0 s after filling. The breach flow
overtopped the downstream dam crest at 121 s after the
flume was filled, and the peak breach flow reached 11.7
L/s at 126.7 s after filling, which is 1.7 times larger than
that of the upstream dam.

Fig. 5 shows the comparisons of measured and
calculated breach hydrographs at the upstream dam
(Section 2-2) and the downstream dam (Section 3-3).
The relative errors of the key breaching parameters of
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the measured and calculated results are listed in Table
3. The numerical model has done well to reproduce the
cascading dam breach process of the model test. The
relative errors of the peak breach flow and the time to
peak of each dam are less than +5%, and the
amplification effect of cascading flood is also
confirmed.

in

Breach morphology evolution

longitudinal profile

33

To verify the rationality of the numerical model in
the calculation of breach morphology evolution
process in the longitudinal profile, the calculated
results of Section 1-1 have been used, and the cascading
landslide ~dam  breach process has been
comprehensively analyzed according to the dam-break
flood characteristics and breach development.

Based on the numerical simulation results, the
dam breach process of a single landslide dam can be
divided into four stages, i.e., surface erosion, backward
erosion, erosion along the flow channel, and breach
stabilization. For the upstream dam, in Stage I (Figs.
6a and 6b), the water flow overtops the dam crest 110 s
after the filling of the flume, and then the surface
erosion occurs on the downstream slope of the dam
due to the overtopping flow, while the erosion mainly

occurs at the toe of the downstream dam because of the
potential energy of water flow is converted into kinetic
energy. In Stage II (Fig. 6c¢), the overtopping flow
retrogressively erodes the downstream slope of the
upstream dam, and the backward erosion occurs
gradually until the head-cut migrates to the upstream
reservoir. During this stage, the river channel between
the upstream and downstream dams begins to store
water. In Stage III (Fig. 6d), with the increase in the
water head of the overtopping flow, the flow shear
stress increases, and the breach downcuts rapidly,
resulting in a lowering of the dam crest elevation.
Meanwhile, accompanied by the lateral expansion of
the breach, the breach flow discharge also increases
correspondingly to the maximum. During this stage,
the water level between the upstream and downstream
dams begins to rise rapidly, and the water flow exhibits
turbulent characteristics. In Stage IV (Figs. 6e - 6h),
with the rapid downcutting and widening of the breach,
the upstream water level drops rapidly, and the inflow
and outflow of the breach reaches a balance, and the
development of the breach stops at 126 s after the
filling. As for the downstream dam, similar four stages
are also experienced (Figs. 6e - 6h). The start time and
end time of the overtopping failure are 121 s and 150 s
after the filling, respectively. The comparison of the
measured and calculated results indicates that the

Table 3 Comparison of measured and calculated key breaching parameters

Dam name Parameter Measured data Calculated data Relative error (%)
Peak breach flow (L/s) 7.2 7.0 -2.8

ipsibenim dam Time to peak (s) 113.9 116.0 1.8
Breach time (s) 126.0 126.0 0]

Downstream dam Peak breach flow (L/s) 11.2 11.7 4.5
Time to peak (s) 126.4 126.8 0.3
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Fig. 6 Variation of calculated depth averaged velocity of the cascading flood in Section 1-1: (a) t = 110 s, (b) t = 111.5 5,
(©)t=113s,(d)t=1165s,(e)t=1225, (f) t =123 s, (g) t =124 s, (h) t = 150 s.
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failure characteristics of the downstream dam are
basically the same as that of the upstream dam, but the
speed of failure is faster, and the peak breach flow is
also significantly higher (Fig. 6), showing the
amplification effect. The calculated results in Fig. 6
indicate that the detailed numerical model developed
in this study can accurately reproduce the breach
morphology evolution process in the longitudinal
profile and the characteristics of the outburst flood in
the two-cascading landslide dam breach model test.

3.4 Breach morphology evolution in cross
profile

Fig. 7 shows the breach morphologies at different
times obtained by the numerical simulation and the
physical model test (Hu et al. 2022). It shows the
breach morphologies at 110 s when the water flow
begins to overtop the upstream dam, 121 s when the
water flow begins to overtop the downstream dam, and
130 s. The comparisons of the simulated and measured
breach morphologies show that the calculated breach
morphology is basically consistent with the test results.

Furthermore, Fig. 8 shows the calculated breach

Depth-average velocity (m/s)
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morphology evolution processes in Sections 2-2 and 3-
3. When the upstream dam begins to fail, the inflow is
smaller than the breach flow, so the water head of the
overtopping flow becomes smaller, resulting in the
downcutting erosion mainly concentrates in the
middle of the dam axis, and the erosion on both sides
of the dam body is relatively less. As for the
downstream dam, due to the large inflow after the
failure of the upstream dam, the overflow shows the
characteristics of a full cross-section overtopping, and
the overall elevation of the breach bottom becomes
lower rapidly. Moreover, the residual dam material of
the downstream dam is significantly less than that of
the upstream dam when the cascading breach process
ends.

4 Discussion and Application

4.1 Discussion of flood amplification effect due
to cascading dam failure

Considering the avoidance of complicated terrain
conditions and the variation of the multiple input
parameters, which affect the analysis results during

Fig. 7 Comparison of calculated and measured breach morphologies: (a) t = 110 s, (b) t = 1215, (¢) t = 130 s.
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Fig. 8 Calculated breach morphology evolution processes in (a) Section 2-2, (b) Section 3-3.
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Fig. 9 Boundary conditions for the numerical parametric study.

numerical simulation, the results of the two-cascading
landslide dam failure model test with relatively simple
boundary conditions conducted by Hu et al. (2022) are
used again. Herein, three key parameters, i.e., the
distance between the upstream and downstream dams,
the river channel slope, and the downstream dam
height, have been used to conduct the parameter
sensitivity analyses. Based on the calculated results of
the numerical model developed in this study, the flood
amplification effect and its influencing factors are
analyzed thoroughly.

4.1.1 Parameter sensitivity analysis schemes

Because the parameter sensitivity analyses involve
the cascading failures of both the upstream and
downstream dams, factors such as boundary
conditions should be fully taken into account when
studying the amplification effect of cascading flood. In
order to ensure the rationality of the numerical
simulation results, the boundary conditions have been
reset.

Fig. 9 shows the setting of the boundary conditions
in the parameter sensitivity analyses. In the analyses,
it is crucial to ensure that there is only one variable.
Since the magnitude of water storage capacity affects
the breach flow discharge and breach morphology
evolution during dam breaching, it is necessary to
maintain the same volume of water during the
cascading failure of upstream and downstream dams
in the sensitivity analyses. To maintain the water
balance during the cascading failure simulation, the
inflow has been set to 0.75 L/s, and the inflow duration
has been set to 13 s, so the inflow process stops before
the complete failure of the upstream dam. The
upstream dam configuration is consistent with that in
the model test described in Section 3.1, while the
distance from the bottom center of the upstream dam

1878

to the inflow boundary has been adjusted to 250 cm.
Based on the trial calculations, the residual dam height
after the failure of the upstream dam is 4.7 cm, so the
initial water depth in front of the downstream dam has
been set to the same value as a supplement to ensure
the water balance during the cascading failure.

In the sensitivity analysis of the distance between
the upstream and downstream dams, the distance
between the toe of the downstream slope of the
upstream dam (Point A) and the position (Point B)
which has the same elevation as the downstream dam
crest has been set to 200 cm, 300 cm, and 400 cm,
while the other parameters remain unchanged. In the
sensitivity analysis of the river channel slope, in order
to ensure the storage capacity of the upstream dam
does not change, the river channel slope only changes
in line AB, which has been set to 3°, 8°, and 13°. In the
sensitivity analysis of the downstream dam height, the
downstream dam height has been set to 21 cm, 27 cm,
and 29 cm, while the upstream and downstream slope
ratios of the downstream dam remain unchanged. In
the sensitivity analysis of each input parameter, the
initial water level has been set to 1 cm below the
upstream dam crest, and the schemes for the
parameter sensitivity analyses are shown in Table 4.

Table 4 Schemes for parameter sensitivity analyses

Distance River Downstream
No. 205 (o) channel dam height
slope (°) (cm)

Control group 300 8 27
Scheme 1 200 8 5
Scheme 2 400 7
Sch

cheme 3 300 3 o7
Scheme 4 13
Scheme 5 21

00 8

Scheme 6 . 29



4.1.2 Analysis of calculated results

The calculated results of the control group and
each scheme are shown in Table 5. As the inflow
boundary conditions and the upstream dam
parameters of each scheme are consistent, the breach
process of the upstream dam is the same, i.e., the
overtopping process originates 3.7 s after the filling,
and the time to peak occurs 12.4 s after the filling, with
the peak breach flow of 7.2 L/s. In the control group,
the dam-break flow overtops the downstream dam 20
s after the filling, and the peak breach flow occurs 26.7
s after the filling, with the value of 9.8 L/s, and the
amplification coefficient of the peak breach flow is
therefore 1.36.

Schemes 1 and 2 reflect the influence of the
distance between the upstream and downstream dams
on the cascading failure process, and the breach
hydrographs are shown in Fig. 10a. In Scheme 1, the
distance between the upstream and downstream dams
is the shortest, hence, the overtopping failure occurs
firstly due to the shortest duration of flood routing. In
Scheme 2, the potential energy difference between the
upstream and downstream dams is relatively large
when the river slope remains the same, so the surge
wave formed by the upstream dam-break flow has
more kinetic energy when it moves to the downstream
dam. At 17.1 s after the filling, the surge wave overtops
the downstream dam crest, resulting in the erosion of
the dam crest and the downstream slope, with a
maximum reduction of 1.7 cm in the dam height.
Therefore, the occurrence of overtopping failure of the
downstream dam in Scheme 2 is earlier than that of the
control group. From the point of view of peak breach
flow, the shorter the distance between the upstream
and downstream dams, both the peak breach flow of
the downstream dam, and the flood amplification
effect are larger.

Schemes 3 and 4 reflect the influence of the river
channel slope on the cascading failure process, and the
breach hydrographs are shown in Fig. 10b. The
calculated results show that the smaller the river

Table 5 Results of parameter sensitivity analyses

Downstream dam  Time to peak of

— failure time (s) downstream dam (s)
Control group  20.0 26.7
Scheme 1 16.5 23.2
Scheme 2 18.1 26.6
Scheme 3 19.0 26.6
Scheme 4 21.9 20.4
Scheme 5 13.1 19.3
Scheme 6 29.7 34.2

J. Mt. Sci. (2024) 21(6): 1868-1885

channel slope, the earlier the flow overtops the
downstream dam. With the increase in the river
channel slope, the peak breach flow increases first and
then decreases. The reason is that with the same
channel length, the larger the slope ratio, the larger the
potential energy between upstream and downstream,
and the larger the flood amplification effect. However,
for Scheme 4, due to the transition at Point B of the
river channel, the momentum of the dam-break flow
attenuates here, resulting in a smaller peak breach flow
than that of the control group.

Schemes 5 and 6 reflect the influence of the
downstream dam height on the cascading failure
process, and the breach hydrographs are shown in Fig.
10c. The calculated results show that the lower the
downstream dam height, the earlier the flow overtops
the downstream dam, the larger the peak breach flow
at the downstream dam, and the larger the flood
amplification effect. It is worth mentioning that due to
the small downstream dam height in Scheme 5, before
the water level reaches the downstream dam crest, the
surge wave formed by the upstream dam-break flow
overtops the downstream dam crest, resulting in an
initial notch with a maximum depth of 4 cm in the dam
crest, which impacts the downstream dam breach
process.

4.1.3 Improved understandings based on

numerical modeling

The flood amplification effect due to cascading
dam failures has been revealed by a series of previous
model tests. However, there are only limited
quantitative analyses on the flood amplification effect
and its influencing factors. Improved understandings
of the cascading failure of landslide dams have been
achieved based on the three-dimensional numerical
modeling of the two-cascading landslide dam failure
model test and sensitivity analyses of the three key
parameters. Firstly, surge wave is one of the important
phenomena which always occurs during a cascading
landslide dam breaching, but it is a difficult
phenomenon to model in the numerical modeling.

Peak breach flow of Amplification coefficient
downstream dam (L/s)  of breach flow

9.8 1.36

10.3 1.43

7.9 1.10

7.4 1.03

8.9 1.24

10.8 1.50

8.2 1.14
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Fig. 10 Sensitivity analyses of cascading dam failure: (a) Different distances between upstream and downstream dams;
(b) Different river channel slopes; (c¢) Different downstream dam heights.

Based on the VOF method, the water-soil interface and
the free fluid surface can be traced in the proposed
three-dimensional numerical model, and this provides
a scientific approach for describing the phenomenon.
Secondly, entrainment and deposition of landslide
dam material often occur during a landslide dam
breaching. In the existing two-dimensional numerical
models, it is often assumed that the concentration and
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velocity of sediment-carrying flow remain unchanged
in the vertical direction, and the exchange of dam
material is often judged based on the average physical
parameters. On the other hand, in the proposed three-
dimensional numerical model, more grids are divided
in the vertical direction, thereby ensuring that the
entrainment and deposition processes can be
calculated based on the hydrodynamic conditions.



4.2 Case study of Xiaogangjian and Lower
Xiaogangjian cascading landslide dam
failures

To further demonstrate the practicality of the
proposed numerical model, the cascading failure case
of the Xiaogangjian and Lower Xiaogangjian landslide
dams, which were formed because of the 2008
Wenchuan earthquake, has been selected for analyzing
the breach process of the two-cascading landslide
dams.

4.2.1 Brief introduction

During the Wenchuan earthquake in China,
landslides occurred on the right bank of the Mianyuan
River, which blocked the river and caused the
formation of the Xiaogangjian and Lower Xiaogangjian
landslide dams. The locations of the two-cascading
landslide dams are illustrated in Fig. 11. The
Xiaogangjian landslide dam exhibits a lower left bank
and a higher right bank morphology. The elevation of
the puerto is 850 m, with the dam height ranging from
70 to 120 m. The lengths of the dam in the cross and
longitudinal sections are both approximately 300 m,
and the upstream and downstream slope angles are 31°
and 25° to 30°, respectively. The maximum storage
capacity of the Xiaogangjian dammed lake is
approximately 1.025 x 107 m3. The Lower Xiaogangjian
landslide dam locates downstream of the Xiaogangjian
landslide dam, with the dam crest elevation
approximately at 780 m, and the dam height is about
30 m. The lengths of the dam in the cross and
longitudinal sections are both approximately 150 m.
The maximum storage capacity of the Lower

0 %250 500 1000 m
e T o = o)

Fig. 11 Locations of Xiaogangjian and Lower
Xiaogangjian cascading landslide dams.
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Xiaogangjian dammed lake is approximately 8.0 x 105
m3. Since there are significant differences in the dam
heights and the storage capacities of the Xiaogangjian
and Lower Xiaogangjian landslide dams, once the
Xiaogangjian landslide dam fails, it would inevitably
trigger subsequent breaching in the Lower
Xiaogangjian landslide dam. To mitigate the potential
threat to the safety of people's lives and property in the
inundation area, a spillway was constructed in the
Xiaogangjian landslide dam to drain the water in the
dammed lake. The spillway has the inlet elevation of
842.0 m, bottom width of 30 m, and slope ratio of 1:2.
After the cascading breach of the Xiaogangjian and
Lower Xiaogangjian landslide dams, the final breach
depth in the Xiaogangjian landslide dam is
approximately 35 m; simultaneously, the Lower
Xiaogangjian landslide dam experienced complete
failure (Chen et al. 2018).

4.2.2 Development of numerical model

A numerical model for the Xiaogangjian and
Lower Xiaogangjian landslide dam failure case has
been developed based on the relevant data obtained
from on-site investigations, as illustrated in Fig. 12a.
The numerical model is constituted by an assemblage
of one million discrete grids, with each grid covering an
approximate spatial area of 5 m by 5 m. The upstream
boundary condition is controlled by a pressure
boundary and the downstream boundary condition is
set as a free outflow boundary. Two monitoring cross-
sections are designated in the numerical model to
record the breach flow discharge and the breach
morphology evolution processes (Fig. 12b). In the
numerical model, the upstream and downstream water
levels of the Xiaogangjian landslide dam are set to 847
m and 780 m, respectively. The input parameters for
the cascading failure of the Xiaogangjian and Lower
Xiaogangjian landslide dams are listed in Table 6.

4.2.3 Comparison of calculated results and
measured data

Fig. 13 shows the calculated breach hydrographs
of the Xiaogangjian and Lower Xiaogangjian landslide
dams and the measured hydrographs from the
Hanwang hydrological station, which was 8 km
downstream of the Xiaoganjian-lower landslide dam.
The calculated results indicate that after the water
overtops the spillway of the Xiaogangjian landslide
dam, the breach flow increases slowly due to the
relatively small flow shear stress. Approximately 130
min after the overtopping of the upstream dam, the
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Mianyuan River

Spillway

Xiaogangjian

Lower Xiaogangjian

Fig. 12 Numerical model for Xiaogangjian and Lower
Xiaogangjian cascading landslide dam failure case: (a)
Layout of Xiaogangjian and Lower Xiaogangjian
landslide dams in the numerical model, (b) Monitoring
sections in the cascading landslide dams (top view).

Table 6 Input parameters for the cascading failures of
Xiaogangjian and Lower Xiaogangjian landslide dams

Input dso Ps o
parameter (mm) (kg/m3) i « K ©
Value 9 2650 0.02 0.018 8 35

breach flow discharge increases rapidly, and reaching
the peak flow of 3227.6 m3/s at 170 min after the
overtopping of the upstream dam. For the Lower
Xiaogangjian landslide dam, the overtopping failure
occurs at approximately 133 min after the overtopping
of the upstream dam, and reaching the peak breach
flow of 3723.5 m3/s at 174 min after the overtopping of
the upstream dam. The peak breach flow at the Lower
Xiaogangjian landslide dam is 1.15 times of that of the
upstream dam. The measured data at the Hanwang
hydrological station shows clear signs of flooding at
about 175 min after the overtopping of the upstream
dam, and reaching the peak flow of 3950 m3/s at 185
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Fig. 13 Comparison of calculated and measured breach
hydrographs for the cascading failures of Xiaogangjian
and Lower Xiaogangjian landslide dams.

min. Considering the location of the hydrological
station and the period for flood routing, the calculated
breach hydrograph agrees well with the measured data.

Since the Lower Xiaogangjian landslide dam
almost disappear after the cascading failure, the
calculated and measured final breach morphologies in
Section 2-2 can be considered the same. Therefore, the
calculated two-dimensional final breach morphology
at Section 1-1 in the Xiaogangjian landslide dam is
compared with the on-site monitored data (Chen et al.
2018) (Fig. 14a). Furthermore, the three-dimensional
representation of the calculated final breach
morphology and the photograph of the actual final
breach (Chang and Zhang 2010) are shown in Figs. 14b
and 14(c). The information shown in Fig. 16 suggest
that the breach at Xiaogangjian was predominantly
caused by the unilateral erosion. The calculated and
measured final breach elevations are 807.8m and
813.2m, respectively; while the calculated and
measured final breach bottom widths are 102.5m and
112.5m, respectively. Regarding the terminal
inclinations of the breach’s right bank, the simulated
side slope angle is approximately 34.6 degrees,
whereas the measured angle is slightly gentler at 30.5
degrees. In general, the results obtained from the
numerical simulation replicate those in the breach
morphological evolution process of the Xiaogangjian
and Lower Xiaogangjian cascading landslide dam
failure case, which is an indication of the feasibility of
applying the numerical model developed in this study
to real-world cases.

Moreover, Table 7 shows the comparison of the
calculated and measured key breaching parameters for
the cascading failures of the Xiaogangjian and the
Lower Xiaogangjian landslide dams. The relative
errors of the time to peak and the peak flow are 5.9%
and 5.7%, respectively. The relative errors of the final
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Fig. 14 Comparison of calculated and actual final breach
morphologies of Xiaogangjian landslide dam: (a)
Comparison of calculated and measured two-
dimensional final breach morphologies in Section 1-1; (b)
Calculated three-dimensional final breach morphology of
Xiaogangjian landslide dam; (c¢) Actual three-
dimensional final breach morphology of Xiaogangjian
landslide dam.

breach bottom width and the elevation of the
Xiaogangjian landslide dam are 8.9% and 0.7%,
respectively. The comparison validates the feasibility
of applying the numerical model developed in this
study to real-world cases.
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5 Conclusions

Based on the three-dimensional RANS equations,
the RNG k-e turbulence model, the dam material
erosion equations, and considering the instability of
the breach side slope, a three-dimensional detailed
numerical model has been developed in this study. The
model can be used to predict a cascading failure
process of landslide dams. The rationality of the
developed model has been verified using the results of
a flume model test and parameter sensitivity analyses.
The flood amplification effect of a cascading flood is
comprehensively discussed in this paper. The main
conclusions of this study are as follows:

(1) A detailed numerical simulation method for a
cascading dam failure has been developed. By
reproducing the dam-break flow and breach
morphology evolution process of cascade dam failures
in a physical model test, the practicality and reliability
of the numerical model have been verified by
comparing the simulated and measured hydro-
morphodynamic characteristics during the cascading
failure. The numerical model is an effective technical
means for simulating cascading landslide dam failures.

(2) From the perspectives of cascading dam
distribution, potential energy of river channel, and
dam geometric shape, the flood amplification effect of
the two-cascading-dam failure has been discussed.
Sensitivity analyses of three key parameters, i.e., the
distance between the upstream and downstream dams,
the river channel slope, and the downstream dam
height, have been conducted. The influence of these
three key parameters on the flood amplification effect
has been revealed. The parameter sensitivity analyses
indicate that the peak breach flow increases with
shorter distance between the upstream and
downstream dams, and the downstream dam height,
and increases first and then decreases with steeper
river channel slope.

(3) The influence of the surge wave formed by the
upstream dam-break flow on the downstream dam

Table 7 Comparison of calculated and measured key breaching parameters for the cascading failures of Xiaogangjian

and Lower Xiaogangjian landslide dams

Comparison item

Xiaogangjian 170 3227.6
Lower Xiaogangjian 174 3723.5
Measured data 185 3950
Relative error 5.9% 5.7%

Time to peak (min) Peak flow (m3/s)

Final breach bottom Final breach bottom
width (m) elevation (m)

102.5 807.8

117.6 756.2

112.5 813.2

8.9% 0.7%

Note: For the comparison item of "Measured data", time to peak and peak flow are measured in Hanwang hydrological
station, and the final breach bottom width and elevation are measured at Xiaogangjian landslide dam after dam breaching.
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failure process has been discussed. When the surge
wave has a large momentum, it can overtop the
downstream dam crest and erode the downstream dam
body before the water level rises to the downstream
dam crest. The quantity of water in the surge wave as it
overtops the dam crest and the erosion characteristics
of dam material have different degrees of influence on
the starting time and breach process of the
downstream dam failure.

(4) The cascading failure case of the Xiaogangjian
and Lower Xiaogangjian landslide dams has been
successfully replicated in the numerical simulations.
By comparing the calculated results of the breach
hydrographs and the final breach morphology with the
observed data, it is found that the relative errors of the
key breaching parameters are within the relative errors
of £10%. This verifies the practicality of the developed
numerical model when applying it to real-world
scenarios. The findings in this study contribute
significant technical support for the prediction of dam
cascading failure risks and the formulation of
emergency response plans.

(5) The detailed numerical simulation approach
for modeling cascading dam failures continues to
confront formidable obstacles pertaining to
computational intricacy and suboptimal efficiency. To
facilitate real-time assessment of dam breach hazards
in future scenarios, the deployment of more
progressive methodologies will be imperative to
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