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Abstract Landslide dams are common geological disasters in
mountainous areas and can pose severe threats to the lives and
property of downstream people. In this study, a three-dimensional
numerical simulation method was developed to calculate the
breaching behaviors and morphological evolution of landslide
dams under complex terrain. An explicit finite volume method
(FVM) was adopted by solving the Reynolds-averaged Navier-
Stokes (RANS) equations and equilibrium suspended and bed load
transport equations. The renormalization group (RNG) k-e turbu-
lence model and volume of fluid (VOF) method were combined to
describe the hydraulic features of the dam-break flow. The collapse
mechanism of breach side slope sliding was considered during the
landslide dam breaching. The model was verified by a benchmark
experiment case and then applied to study the breach mechanisms
and process of the “11.03” Baige landslide dam. Herein, the actual
topography of the Baige landslide dam was reconstructed using
rapid spatial information processing technology. The comparison
showed that the calculated breach hydrograph was consistent with
the measured data. Also, the calculated free surface elevation, flow
depth, and average flow velocity at each key monitoring point con-
tributed to the mutual corroboration of the breach mechanisms in
the field measurements and numerical modeling. Furthermore, the
calculated breach morphologies were in accordance with the meas-
ured actual topographies at different cross-sections along the Baige
landslide dam. After comparing with the typical landslide dam
breach models, the model performance showed that the numerical
simulation method in this study enhanced the understanding of the
dynamic process during landslide dam breaching.

Keywords Landslide dam - Breach mechanisms - Numerical
simulation - Breach hydrograph - Breach morphology

Introduction

Landslide dams are common in mountainous regions and are usu-
ally triggered by natural hazards such as rainfall and earthquakes
(Costa and Schuster 1988; Fan et al. 2020; Shen et al. 2020a; Zhong
et al. 2021). Due to a lack of drainage facilities, most landslide dams
breach shortly after their formation. Historically, about 85% of
landslide dams lasted for less than 1 year, and about 30% lasted
for less than 1 day (Costa and Schuster 1988; Peng and Zhang 2012;
Shen et al. 2020a). In addition, over 90% of the documented land-
slide dam failures were overtopping-induced (Costa and Schuster
1988; Zhang et al. 2016; Zhong et al. 2021). Outburst floods due to
landslide dam breaching may pose a serious threat to nearby life
and property as well as cause serious damage to the ecological
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environment and infrastructure within the inundation area. For
instance, on April 9,2000, in China, a huge rockslide occurred due
to warming temperatures and snow melt, which completely blocked
the Yigong Zangpo River. On June 10,2000, the landslide dam failed
due to overtopping, with a peak breach flow discharge of 94,013
m?/s, resulting in hundreds of deaths and leaving millions of people
homeless (Zhou et al. 2016). On May 12, 2008, rockslides and rock
avalanches triggered by the Wenchuan earthquake produced 257
landslide dams distributed along the fault rupture zone and river
channels (Cui et al. 2009); among them, the Tangjiashan landslide
dam had the greatest water storage capacity of 3.16 x 10® m? and
posed the most severe threat (Liu et al. 2010). Due to manual inter-
vention, the landslide dam was breached on June 10, 2008, with a
peak discharge of 6500 m*/s and over 250,000 people in the down-
stream risk area were evacuated (Chen et al. 2015a). On October 10
and November 3, 2018, two successive rockslides dammed the Jinsha
River at the same position near Baige Village, Tibet, China, caus-
ing the evacuation of tens of thousands of people and enormous
economic losses (Fan et al. 2019; Zhong et al. 2020a). Accurate pre-
diction of the overtopping-induced landslide dam breach process
is of great importance for creating effective emergency response
contingencies.

In recent years, numerous studies have investigated the breach
mechanisms and processes of landslide dams due to overtopping
failure. Physical model tests are the primary research method and
can be categorized as small-scale flume model tests (with the dam
height less than 1 m) (Zhou et al. 2019; Zhu et al. 2021), large-scale
field model tests (with the dam height ranging from 1 m to sev-
eral meters) (Zhang et al. 2021; Takayama et al. 2021), centrifugal
model tests (Zhao et al. 2019), and in situ tests (Liu et al. 2010; Cai
et al. 2020). Although different classifications are used in the exist-
ing literature, the landslide dam breach process can be divided into
three stages, including the initial stage, acceleration stage, and sta-
ble stage. Furthermore, the variations of influencing factors on the
breach process have also been studied. The major influencing factors
include landslide dam morphology (i.e., dam height (Walder et al.
2015), slope ratio (Gregoretti et al. 2010)), physical and mechanical
properties of landslide dam deposits (i.e., grain-size distribution
(Zhu et al. 2020), initial water content (Jiang and Wu 2020), soil den-
sity (Chen et al. 2015b)), hydrodynamic conditions of the dammed
lake (i.e., river channel slope ratio (Jiang and Wei 2020), upstream
inflow (Zhou et al. 2019), surge wave (Peng et al. 2021)), and initial
breach size (Zhao et al. 2018). Analyzing the factors influencing the
evolution of breach morphology and the associated hydrograph can
provide beneficial knowledge regarding the breach mechanisms of
alandslide dam due to overtopping.
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Numerous numerical models have been developed in recent
decades to simulate the overtopping-induced breach process of
landslide dams. Similar to embankment dams (ASCE/EWRI Task
Committee on Dam/Levee Breaching 2011; Zhong et al. 2016), land-
slide dam breach models can be classified as parametric, simpli-
fied physically based, or detailed physically based. Based on the
documented breach information of landslide dams, the regression
method is commonly used to develop empirical formulas for cal-
culating breaching parameters in parametric models, which can
efficiently simulate peak breach flow (Costa 1985; Evans 1986; Costa
and Schuster 1988; Walder and O’Connor 1997; Peng and Zhang
2012; Shan et al. 2022), final breach size (Peng and Zhang 2012),and
failure time (Peng and Zhang 2012). Because the parametric models
can not consider dam breach processes, the simplified physically
based models are attractive for engineering applications (ASCE/
EWRI Task Committee 2011; Wu 2013). However, breach models for
embankment dams were utilized in the past to model landslide
dam breaching. In recent years, a series of simplified physically
based models have been proposed, especially for landslide dams,
such as DABA (Chang and Zhang 2010; Peng et al. 2014; Shi et al.
2015; Zhang et al. 2019; Chen et al. 2020a), DB-IWHR (Chen et al.
20153, 2018, 2020b; Wang et al. 2016; Cai et al. 2020), and DB-NHRI
(Zhong et al. 2018; Zhong et al. 2020a, b; Shen et al. 2020b; Mei et al.
2021; Yang et al. 2021). In this type of numerical model, the broad-
crested weir formula was commonly used to simulate the breach
flow discharge under the assumption that the breach cross-section
was an inverted trapezoid, while the erosion rate formulas and the
limit equilibrium method were utilized to model the continuous
erosion of dam materials and intermittent instability of breach side
slopes, respectively. Although the simplified physically based land-
slide dam breach models are computationally efficient and consider
the necessary physical processes, they also have shortcomings due
to the simplifications and assumptions made regarding the hydro-
dynamic and morphological processes.

With the development of sediment science and computational
fluid dynamics (CFD), one-, two-, and three-dimensional numeri-
cal models have been developed to simulate the dam breaching
processes. These models are based on hydrodynamic and sediment
transport equations and assume shallow water conditions and
hydrostatic pressure distribution. This type of model primarily
includes three modules: a hydrodynamic module (i.e., continuity
and momentum conservation equations of clean or muddy water),
a sediment transport module (i.e., equilibrium or nonequilibrium
sediment transport equations), and a morphological evolution
module (i.e., bed erosion equations and slope instability equa-
tions). Based on the types of sediment transport equations used
in the numerical model, the detailed physically based dam breach
models can be classified as capacity models, non-capacity models,
two-phase flow models, and two-layer transport models (Guan et al.
2014).

In general, numerical modeling on landslide dam breaching is in
the primary stage. There is no scientific consensus on the evolution
of the landslide dam breach process, especially in the longitudinal
section (Zhong et al. 2018, 2020b). Although acceptable simulation
results can be efficiently provided by the parametric and simplified
physically based models, they cannot describe the actual landslide
dam breach process. Most of the detailed physical models focused
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on embankment or landslide dams are one or two dimensional,
but few works were available on three-dimensional models for this
topic (Marsooli and Wu 2015; Issakhov and Zhandaulet 2020). Thus,
an applicable three-dimensional model that can describe the actual
breach hydrograph and morphology evolution during landslide
dam breaching is sorely needed.

In this study, a three-dimensional numerical simulation method
was developed to calculate the landslide dam breach process. The
RANS equations were adopted to depict the hydrodynamic charac-
teristics of breach flow. To close the RANS equations, the RNG k-&
turbulence model was used. The equilibrium sediment transport
equations for bedload and suspended load was utilized to simulate
soil erosion during dam breaching. The collapse of the breach side
slope was also taken into account. The model was validated by a
benchmark experiment case of dam-break flows; then, the “11.03”
Baige landslide dam formed on the Jinsha River in 2018, China, was
examined as a case study for numerical simulation considering the
actual three-dimensional topography. The reason for the selection
of the Baige landslide dam is that the hydrodynamic information
regarding variations in breach flow discharge and water level in
the dammed lake, as well as the morphological information of the
cross-sections in breach channel after dam breaching, were docu-
mented in detail. The accuracy of the numerical model was verified
by comparing the measured and calculated breach hydrographs and
final breach morphologies.

Numerical modeling of the landslide dam breach process

The complex topography of the landslide dam tends to signifi-
cantly increase the amount of calculation required in the numerical
model. Therefore, a detailed, physically based hydrodynamic model
is used to predict the landslide dam breach process. The numerical
model consists of three modules, i.e., the hydrodynamic module,
sediment transport module, and morphology evolution module.
The technical details of the model are described as follows.

Hydrodynamic module

Based on the Cartesian coordinate system, the RANS equations is
utilized to describe the three-dimensional incompressible fluid
motion, and the continuity equation is (Duan et al. 2012)
Ouy 2 pun +2poa +Lp wa =0 )
ot F T g Pt T G Pw T T G P '
where p,,=water density; t=time; V,=ratio of the water passing
through an element to total volume of the element; 4, v,and w="flow
velocity in the x-, y-, and z-directions, respectively; A,, A, and
A,=flow passing areas in the x-, y-, and z-directions, respectively.

According to continuum mechanics, the momentum equations
can be expressed as (Duan et al. 2012; Movahedi et al. 2018)
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where P=intensity of pressure; G,, Gy, and G,=mass acceleration
in the x-, y-, and z-directions, respectively; f,, f,, and f, = terms of
viscous acceleration in the x-, y-, and z-directions, respectively.
When a breach flood spreads on the downstream slope of a land-
slide dam, the water surface changes violently, resulting in complex
flow patterns. In order to improve computational efficiency, the
RNG k-e turbulence model is used to model the nonlinear Reynolds
stress term. The governing equations for the RNG k-e turbulence
model are (Yakhot et al. 1992)
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where k=turbulent kinetic energy; e = turbulence dissipation rate;
u;=flow velocity vector in different directions, i can be x-, y-, or
z-direction; py = turbulent viscosity coefficient; y,= dynamic tur-
bulence viscosity, y,= C,k*/e, in which, C,=0.085; G = generation
of turbulent kinetic energy from the velocity gradients; C,=1.42,
C,=1.68,0,=0,=0.7194.

Sediment transport module

During the landslide dam breach process, the sediment movement
modes can be converted between bedload and suspended load (Cui
et al. 2013; Guan et al. 2014). Variations in sediment concentration
in the flow discharge can result in variations in flow density and
viscosity coefficient, thereby affecting the subsequent erosion.
Suspended sediments commonly have low concentration and can
be transported by fluid flow. However, bedload sediments are not
easily displaced due to limitations imposed by adjacent particles.
Herein, a packed bed term is introduced, which denotes an erodible
solid component defined by the maximum packing fraction. The
surface of packed sediment particles can be moved in the form
of bedload transport through rolling, saltating, sliding, or draw-
ing along the bed (Samma et al. 2020). The suspended load can be
converted into bedload when deposition velocity exceeds the bed
erosion velocity.

In the sediment transport simulation, calculating the hydrody-
namic force around a single sediment particle and the boundary
layer at the interface is difficult. Therefore, empirical models were
commonly used due to the complexity of the sediment transport
process. Entrainment and deposition can be regarded as two oppo-
site micro-processes that commonly occur simultaneously. They
are combined to obtain the net exchange rate between packed and
suspended sediments. As for entrainment, Eq. (5) can be used to
calculate the amount of packed sediment converted to suspension
(Mastbergen and Berg 2010).

0.5
E=an,d’* (0, 0,,)" [g(“—’”)di] (5)

w

where E =upward entrainment velocity; a;=entrainment rate
coefficient for sediment species i; n,=normal direction vector

for packed bed interface; d. = dimensionless grain size param-
eter, d.=d,[p,(p,— p,,)g/#*]"3, in which, d;= diameter for sediment
species i, p,=density of the sediment material; ©,=1ocal Shields
parameter, 6,=t/[gd,,(p;—p,,)], in which, t=1ocal bed shear stress,
d,,=mean grain diameter; 6,,;=dimensionless critical Shields
parameter, 0, ;=0.3/(1+1.2d.) + 0.055[1— (70024 (Soulsby 1997).
Breach morphology evolution is also affected by the repose
angle that accounts for the slope stability supported by the
packed sediment, i.e., packed sediment with a small repose angle
is prone to instability. Therefore, the modified dimensionless
critical Shields parameter can be expressed as (Soulsby 1997)

) cosysing + \/coszﬂtanzgo,. — sin*ysin?p
6. =6, (6)
? tang;

where 6., /=modified dimensionless critical Shields parameter;
B =angle of bed slope; ¢,=repose angle of sediment species i;
v =angle between the flow and upslope direction.

The deposition or packing rate represents sediment particles
settling out of suspension onto the packed bed or resting in bed-
load transport due to their weight, which can be defined as the
product of the effective settling velocity and suspended sediment
concentration in the near bed.

D = wy; 7)

where D =downward sediment deposition velocity; w;=settling
velocity for sediment species i, w;= Vf{(10.362 +1.049d,3)°° —10.
36]/d; (Soulsby 1997), in which, V= Kinematic viscosity of fluid;
¢;=near bed suspended sediment concentration of sediment spe-
cies i.

Furthermore, numerous empirical or semi-empirical models
have been proposed to simulate bedload transport. Most empiri-
cal models used the isolated factor method to establish bed load
formulas based on numerous experiments (i.e., Meyer-Peter
and Muller 1948). Semi-empirical models commonly determine
the basic structure of the bedload formulas based on a certain
assumption of general physics. Some parameters in the formulas
may need to be calibrated using measured data (i.e., Bagnold
1966; Van Rijn 1984; Nielsen 1992). Significant discrepancies
tend to exist between these formulas when they are applied in
engineering practice. The following representative dimension-
less bedload sediment transport rate formula can be obtained
by analyzing and summarizing the existing studies (Chien and
Wan 1983).

@ { K©*© -0,y (/o - /1\/55)2 0>0, ®)
0 0 <0,

where @ =dimensionless bedload sediment transport rate,

D =q,(p,/(ps—P,)gd;)°°Ipg; © = the other format of the Shields

number, ®_ =sediment incipient motion condition, ®,=0.047;

K=Dbedload coefficient; x, y, z, and A = relevant coefficients.

To select the appropriate bedload formula for sediment trans-
port in this study, several representative formulas (i.e., Meyer-
Peter and Muller 1948; Bagnold 1966; Engelund and Fredsoe 1976;
Van Rijn 1984; Nielsen 1992) are compared with measured data
(Table 1). Single-fraction measured data from multiple sources
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Table 1 The dimensionless
forms of typical bed-load
formulas

Investigators

Meyer-Peter and Muller (1948)

Parameters

K=8,©.=0.047

Equations

O =KO-0,)"

Bagnold (1966)

K=10,0,=0.047

® = KO0 - /0,)

Engelund and Fredsoe (1976)

® =K(©-0,)(V/0 -07/0,) K=11.5,0,=0.047

Van Rijn (1984)

® = Kd-03(2 _ 1) K=0.053,©.=0.031
i 0,

Nielsen (1992)

® = KO°5(® - 0,) K=12,0.=0.047

were selected (Meyer-Peter and Muller 1948; Chien and Wan 1999;
Roseberry et al. 2012), covering sediment sizes ranging from
0.785 to 28.65 mm and specific gravities ranging from 1.25 to
4.22 (Fig.1). The Meyer-Peter and Muller formula seems to have
the most accurate predictions in the weak sediment transport
stage (flow parameter y =1/0 > 2); therefore, the Meyer-Peter
and Muller formula (Eq. 9) was chosen in this paper to compute
the bedload sediment transport considering the broad graded
characteristics of landslide dam deposits.

L5 pe=00\ 1 0.5
a = K(et - ocr,i ) 4 ,0— d;‘ (9)

where g, =volumetric bedload transport rate per unit width.

To compute the motion of bedload transport in each compu-
tational cell, the bedload layer thickness needs to be estimated
(Van Rijn 1984) and gq,, is converted into bedload velocity.

617 0 0.5

— =034 — -1

di * < 0cr,i’ ) (10)
D

Upedloadi = Bucs (11)

where 8, =bedload layer thickness; uy4;0,4 ;= bedload velocity for
sediment species i; ¢, ;= volume fraction of species i; f, = critical
packing fraction of sediment. The bedload velocity is assumed to

100 T

Meyer-Peter and Muller (1948)
— - —Bagnold (1966)
- Engelund (1976)
- Van Rijn (1984)
— = Nielsen (1992)

~
210
T :
> 53
: Symbol  Material Diameter(mm) Specific gravity )
L =] Gravel 28.65 2.68
O Coarse sand 5.20 2.68
| | ®m Lignite residue 520 125
L X Heavey earth 5.20 422
. Fine sand 0.785 2.68 N
T N
1 PRERETTIT B AT S AN TTTTT RS ETTITT MRS ARETTTT B TR VT B X VAR T 177
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[}

Fig. 1 Comparison of typical bed-load formulas
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be in the same direction as the fluid flow adjacent to the packed
bed interface.

For each sediment species, the suspended sediment concen-
tration can be calculated using the advection-diffusion equation
(Samma et al. 2020).

5,0

+V-(u,C

ot 5,i s,i) =V V(écs,i)

(12)
where C ;= suspended sediment mass concentration of species i,
which is defined as the sediment mass per volume of the fluid-
sediment mixture; € = direction diffusion coefficient; u ;= sus-
pended sediment velocity, u, ;= u,, + w,c, ;, in which, u,, = velocity
of the fluid-sediment mixture; ¢, ;= suspended sediment volume
concentration, ¢;;=C_ ,/p;.

Breach morphology evolution module

The schematic diagram demonstrating the morphological evolu-

tion in the sediment transport model is illustrated in Fig. 2. The

morphological evolution in the packed bed can be updated based

on the calculation of the previous two modules. The upward

entrainment and downward deposition were computed per grid at

each time step by the conservation of sediment mass.
0z _ 04y, 0qy,

¢ = (== + —2 +D-E)

ot ox | oy (13)

where z=bed elevation; ¢ = maximum packing fraction, ¢ =0.64.

Furthermore, if the angle of bed slope exceeds the critical angle,
the sediment and sliding would occur to form a new bed with a
slope equal to the new critical value. The new bed slope angle will
be established nearly equal to the angle of repose by lowering the
higher elevation cell and raising the lower elevation cell (Guan et al.
2014). The process can be described by Eq. (14).

’
{Z"“, =z, — Az

z, =z, + Az (14)

where Az=the change in the bed’s elevation due to sliding and
Az=AL(tanp —tang)/2; AL is the distance of two adjacent cells.

Numerical solution method
The continuity and momentum equations in the hydrodynamic

module are solved using an explicit FVM on the structured stag-
gered grids. The flow region is subdivided into a mesh with fixed



Fig.2 Schematic representa-
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rectangular cells, and there are associated local average values of all
dependent variables within each cell. All variables are assumed to be
set at the center of each cell except for the flow velocities, which are
located at cell faces (staggered grid arrangement). Geometric features
of complex solid are embedded in the mesh by defining the frac-
tional face area and fractional volumes of the cells that are open to
flow according to the fractional area/volume ratio (FAVOR) method
(Liang et al. 2019). The VOF method based on the Euler model (Hirt
and Nichols 1981) effectively describes the water-sediment interface,
which can track the free-surface flow by the ratio of fluid volume to
unit volume.

To construct discrete numerical approximations to the gov-
erning equations, control volumes are defined surrounding each
dependent variable location. For each control volume, surface
fluxes, surface stresses, and body forces can be computed in terms
of surrounding variable values. These quantities are then combined

to form approximations for the conservation laws expressed by the
equations of motion. Here, the stress in the fluids is assumed to
be the sum of a diffusing viscous term and a pressure term, thus
describing the viscous flow. The temporal terms are discretized
by the Euler scheme, the convection terms are discretized by the
exponential scheme, and the diffusion terms are discretized by
the central scheme. Moreover, the time-advanced pressures in the
momentum equations and time-advanced velocities in the con-
tinuity equation are coupled by using the pressure implicit solu-
tion based on the pressure-implicit with the splitting of operators
(PISO) algorithm (Issakhov and Imanberdiyeva 2019), which is an
extension of the semi-implicit method for pressure linked equa-
tions (SIMPLE) algorithm used for the solution of incompressible
flow problems.

The hydrodynamic and sediment transport modules in the com-
puter code communicate via a time-varying and quasi-steady-state
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method. The bed elevation is assumed constant during the flow
computation, and the flow and sediment transport quantities are
assumed invariant to bed elevation changes during the bed eleva-
tion computation. The computation procedure at each time step can
be describe as: (I) The dimensionless bed shear stress is calculated
at each time step to obtain the equilibrium bedload and related
parameters. (II) Calculate the bed elevation change by Eq. (13)
according to some empirical functions. (III) Update the volume
fraction and flow field as well as the pressure by solving the model
system of Egs. (1)-(4) based on information from the previous
steps. (IV) Update the bed elevation at the next time calculated by
Eq. (14). (V) Repeat the above procedures until the stopping time
is achieved.

Model validation

In this section, the validation of the present model is tested using
a benchmark experiment case carried out at the UCL-Belgium
for dam-break flows over mobile beds (Soares-Frazao et al. 2012),
which is a representative test case of the recent dam-break models
(Marsooli and Wu 2015; Fourtakas and Rogers 2016; He et al. 2017;
Rowan and Seaid 2020). As sketched in Fig. 3, the flume had a length
and width of 36 and 3.6 m, respectively. The dam break event was
simulated by rapidly pulling up a gate with a width of 1 m, which
was placed between two impervious blocks 12 m away from the
upstream flume end. The rigid bed of the flume was pre-laid with
a saturated sand layer with a thickness of 0.085 m, extended from
1m upstream to 9 m downstream of the gate. The median diameter
of the sediment was 1.61 mm, with a density of 2630 kg/m? and a
porosity of 0.42. The gate center was set as the original coordinate
(0,0). The initial water level of the upstream reservoir was 0.047 m
and the downstream reach was dry. The experiment was stopped
after 20 s to avoid the reflected wave from the downstream end. The
water level was measured at four pairs of gauges located symmetri-
cally downstream of the gate, and the bed elevation was measured
along three longitudinal profiles (y=o0.2 m, 0.7 m, and 1.45 m).

In the model, a uniform grid with the size of 0.01 m in each
direction was used to cover the entire calculation domain, includ-
ing the initial sediment bed area and the upstream reservoir. The
breach time of numerical simulation was set as 20 s, which was
consistent with the test time. Manning roughness (n) is set at 0.0165

Fig.3 Schematic of the dam

for the portion covered by the sand layer, and o.01 for the other
portion recommended by International Association for Hydraulic
Research (IAHR) (2012). Furthermore, the repose angle of the sedi-
ment was 23°.

Due to the symmetric experiment configuration, the calculated
and measured water levels from the same pairs of gauges are well
coordinated with each other. To verify the proposed numerical
model, an indicator, namely mean absolute error (MAE), is intro-
duced to quantify the difference between the calculated and the
measured data:

A _ A<
N

N
MAE(A) = L | (15)
where MAE(A) = mean absolute error of the variable A; i = counter
of the gauge; A" = measured data of A); A°) = calculated value
of A; N=number of the measured data.

The comparison of the calculated and measured variations of
the water levels at the four pairs of gauges are shown in Fig. 4. The
values of mean absolute errors of the water level at four pairs of
gauges are 0.013 m (Fig. 4a), 0.016 m (Fig. 4b), 0.028 m (Fig. 4¢),and
0.007 m (Fig. 4d). The water level at the gauges 1-4 show obvious
oscillatory behavior, which may due to the rapid changes of bed ele-
vation near the gate. However, a degree of deviations was observed
at gauges 5 and 8, where the numerical model underestimated the
water levels, mainly due to the errors caused by the departure in the
dynamics of the fluid. In general, the performance of the numerical
model shows that these quantitative differences are generally rea-
sonable, indicating that the model can well calculate the measured
water levels at the four pairs of gauges.

The comparison of the calculated and measured variations of
the bed elevation along three longitudinal profiles (y=0.2 m, 0.7 m,
and 1.45 m) are shown in Fig. 5, and the values of mean absolute
errors of the bed elevation have the results of 0.018 m (Fig. 5a),
o.015 m (Fig. 5b), and 0.021 m (Fig. 5¢). At y=0.2 and 0.7 m, it is
obvious that the erosion occurs near the gate (x <2.0 m) while
deposition occurs at a further distance. However, some discrepan-
cies from the experiment are noticeable, especially around x=2
to x =4 m, while the numerical model overpredicts the scouring
region. At y=1.45 m, the agreement marginally deteriorates sig-
nificantly, with some deviations near the wall at x=0-2 m, per-
haps due to the adhesion behavior near the wall. In addition, the
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Fig.4 Comparison of the calculated and measured variations of the water level at the four pairs of gauges: a gauges 1 and 4, b gauges 2 and

3, cgauges 5 and 8, and d gauges 6 and 7

sediment peak is somewhat underpredicted, with a tiny delay in
peak position. In general, the reports on the performance of the
other numerical models (i.e., Marsooli and Wu 2015; Fourtakas and
Rogers 2016; He et al. 2017; Rowan and Seaid 2020) showed that the
mean absolute errors of the variations of bed elevation are larger
than those of the water level.

Overall, based on the comprehensive comparison of calcu-
lated and measured results of the variations of the water level
and bed elevation during the erosion process, as well as consid-
ering the reports by the other references, the calculated water
level at the four pairs of gauges are generally in good agreement
with the measurements by Soares-Frazao et al. (2012). In addi-
tion, the bed elevations along the three longitudinal profiles sat-
isfactorily reproduced the actual experimental results. Despite
certain differences in the comparison, the current model can
be utilized to simulate dam-break flows effectively over mobile
beds considering the complexity of the three-dimensional dam-
break and the challenges brought by fluid dynamics.

Case study of the breach process of “11.03” Baige landslide dam

To further demonstrate the performance of the numerical
method, the “11.03” Baige landslide dam is examined using
detailed measured data as well as to study in detail the evolution
of the breach hydrograph and breach morphology.

Landslide dam condition

The study area is located at the border between Sichuan Province
and Tibet, China (98°4217.98”E, 31°4'56.41”N) (Fig. 6). At 22:06, on
October 10, 2018, the first landslide occurred in this region, com-
pletely blocking the main steam of the Jinsha River. From the field
investigation (Cai et al. 2020), the “10.10” landslide dam had a vol-
ume of approximately 27.5 million m? and overtopped naturally
without manual intervention two days later. Subsequently, at 17:40
on November 3, 2018, a secondary landslide happened at the same
location, forming a high-speed debris flow and blocking the river
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Fig.5 Comparison of the calculated and measured variations of the bed elevation along three longitudinal profiles (y=0.2 m, 0.7 m, and

1.45 m)

again (Fig. 7). The volume of the second landslide dam was esti-
mated to be approximately 12 million m3. The new landslide dam
was observed to pack on top of the earlier residual dam, and the
average height of the second landslide dam was 50 m higher than
the first one, making the damage caused by the failure of the sec-
ond landslide dam much worse. Due to the potential large threat
and complete monitoring data, this study focuses on the “11-03”
landslide dam.

The rapid spatial information processing technology combined
with geographic information systems (GIS) and digital elevation
model (DEM) altimetry data was used to obtain the morphologi-
cal characteristics of the landslide deposit (Fig. 8). The elevation
of the “11.03” Baige landslide ranged from 3800 m at the mountain
to 2870 m at the Jinsha River. The terrain of the landslide accu-
mulation body in the cross and longitudinal sections of the land-
slide dam is shown in Fig. 9 (Cai et al. 2020). The elevation of the
Puerto is 2966 m, and the maximum dam height is approximately
96 m (Zhang et al. 2019; Zhong et al. 2020a). Geological survey data
showed that the landslide deposits were primarily composed of
gravelly soil, which was generally fine.

After analyzing the dam height, upstream water inflow, and
water level rising speed, an artificial spillway was excavated to
effectively reduce the stored water in the dammed lake. A spillway
was constructed at the Puerto, with a length of 220 m, maximum
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top width of 42 m, a bottom depth of 3 m, and an average depth
of 11.5 m. The elevation of the base of the spillway entrance was
2952.5 m. Details of the breach process have been described in mul-
tiple studies (i.e., Fan et al. 2019; Zhang et al. 2019; Cai et al. 2020;
Zhong et al. 2020a), while this study focuses on water level varia-
tions to determine boundary conditions for the numerical model.
The upstream water level was 2892.84 m when the landslide dam
formed, followed by a rapid increase in water level. At 04:45 a.m.
on November 12, the water level rose to 2952.52 m and entered the
spillway. At 1:45 p.m. on November 13, the upstream water level
reached the maximum value of 2956.4 m, and the water volume
in the dammed lake reached 578 million m3. At 6:00 p.m., the peak
flow discharge occurred with a value of approximately 31,000 m?/s.
At 8:00 p.m. on the same day, the breach flow discharge rapidly
attenuated to 7700 m¥/s. At 8:00 a.m. the next day, the breach flow
discharge was equal to the inflow, and the water level dropped to
2905.75 m, marking the end of the breach process.

Model set-up

Based on the terrain data before the failure of the “11.03” landslide
dam, a three-dimensional solid stereolithography (STL) model
was developed. In order to facilitate subsequent grid processing,
the solution domain was truncated into a regular rectangular



Fig.6 Location of the “11.03”
Baige landslide dam. a Loca-
tion map with a red box high-
lighting the study area; b study
area with the Baige landslide
dam marked by the red star
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Fig.7 Regional photos of
the “11.03" Baige landslide
dam (photos courtesy of
Chinanews.com). a Photo of
the landslide that occurred on
November 3, 2018; b Photo
of the landslide dam from the
upstream view

(@) Photo of the landslide that occurred on November 3, 2018

S

(b) Photo of the landslide dam from the upstream view

area 1150 m X 1050 m X 210 m (length X width x height) in size
(Fig.10). A 4.5 m X 4.5 m X 4.5 m grid is used for model discre-
tization, and the calculation area has a total of 2.78 million grid
elements. The simulation time is set from 04:45 a.m. on Novem-
ber 12 to 10:00 p.m. on November 13. The inflow boundary is
upstream of the landslide dam and is set at the specified pressure
according to the actual water level, while the top boundary is set
at standard atmospheric pressure. The free outflow boundary is
downstream of the landslide dam, and the other three bounda-
ries are set as the solid walls. The initial overtopping water level
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in Jinsha River was set as 2952.52 m, which was consistent with
the elevation at the bottom of the spillway. Table 2 shows the
physical and mechanical parameters of sediment material in the
numerical simulation. According to the field investigation (Zhang
et al. 2019; Cai et al. 2020), the median grain size, sediment den-
sity, and angle of repose of the landslide deposit are estimated.
Furthermore, the optimum entrainment coefficient and bedload
coefficient for dam breach are obtained via sensitivity analysis
(Kaurav and Mohapatra 2019). Notably, in the numerical model,
four monitoring points are set up to analyze the breach flow
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Fig. 10 Three-dimensional numerical simulation model

Fig.8 Topography of the “11.03” Baige landslide dam

through the landslide dam at different positions (Fig. 11). Points  the landslide dam. Furthermore, a flow monitoring section is set
1and 2 are placed at the inlet and turning point of the spillway, to monitor variations in breach flow discharge during the land-
respectively. Point 3 is placed at the downstream slope of the slide dam breaching process, which is consistent with the in-situ
landslide dam, and point 4 is placed at the downstream toe of monitoring location.

Fig.9 Schematic diagrams of 3800 13800
profiles of the “11.03"” Baige
landslide dam. a Cross section;
b Longitudinal section 3600 13600
E 3400 13400
,§ Notch elevation Spillway .§
< | N 29 . ] <
§ 3200 S~ (2966m) bottom elevation 3200 E)
H (2952.52m) H
Initial water level
3000 (2892.84m) 3000
I Averge ivatbed dlovation 7 |-
(2870m)
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
Distance(m)
(a) Cross section
3100
Notch elevation
/§3000 - (2966m) Spillway
= Initial water level =7 bottom elevation
RS ) (2952.52m
2000l v (2892.84m) )
3 =
[ o
2800 F Average riverbed elevation
(2870m)
2700 1 1 1 1 1 1
0 200 400 600 800 1000 1200 1400

Distance (m)

(b) Longitudinal section

Landslides 19 - (2022) | 2935



| Original Paper

Table 2 Sediment particle parameters

Material d,, (mm) p, (kg/m?) a K

Sediment 8 2650 0.018 8 38

Breach process

Unlike embankment dams, landslide dams commonly result from
the rapid accumulation of collapsed earth-rock materials without
manual compaction (Fan et al. 2020; Zhong et al. 2021). Overtop-
ping failure commonly occurs at the weak intersection of the dam
crest and downstream surface, forming the initial breach. As flow
increases, the dam breach is continuously undercut and broadened
(Fig. 12). Based on observations from the model and in-situ tests,
the overtopping failure processes of landslide dams can be clas-
sified into the initial, acceleration, and stable stages (Zhang et al.
2019; Zhong et al. 2021). Regarding the variation of breach flow
and breach morphology in the cross and longitudinal sections,
the landslide dam breach process can be depicted as follows: (1)

Fig. 11 Positions of the
monitoring points and flow
monitoring section

Fig. 12 Schematic diagram of
an overtopping-induced land-
slide dam breach mechanism.
The body of water behind the
landslide dam continues to
rise until it breaches the top of
the natural dam, creating this
overtopping-induced landslide
dam breach
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Surface and backward erosion. When the water flow overtops the
dam crest, numerous small gullies form on the downstream slope
toe. Due to the small flow rate in the initial stage, surface erosion
dominates. With the continuous rise of the upstream water level
in the dammed lake, the gullies on the downstream slope begin
to undercut quickly, forming the initial breach. The breach sub-
sequently migrates upstream until it reaches dammed lake. (2)
Erosion along the breach channel. When the backward erosion
migrates to the dammed lake, the water head above the dam crest
increases abruptly, and rapid vertical and lateral erosion occurs on
the surface of the breach channel. Also, the flow through the breach
channel increases sharply until the peak breach flow is reached. (3)
Rebalance of breach channel. Breach expansion leads to a rapid
decline in water level in the dammed lake, corresponding to a con-
tinuous decrease in breach flow discharge. With the weakening of
the hydrodynamic conditions, the evolution of breach morphology
attenuates until the water flow is not able to transport the dam
deposits, and the suspended load gradually settles downstream of
the landslide dam. Finally, the breach process ends when the flow
through the breach channel is the same as the upstream inflow.

Flow direction

Overtopping

Dam breach /
breach




Fig. 13 Topography of the
Tangjiashan landslide dam
after breaching. a Topographic
contour map after the dam
breach at Tangjiashan (modi-
fied from Liu et al. 2010); b
Schematic diagram of the
topography in the longitudinal
cross-section after the dam
breach (modified from Liu et al.
2010)
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(a) Topographic contour map after the dam breach at Tangjiashan (modified from Liu et al., 2010)
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(b) Schematic diagram of the topography in the longitudinal cross-section after the dam breach

Figures 13 and 14 show the final topography of Tangjiashan and
Baige landslide dams after breaching, respectively. The variation of
topographies of the two landslide dams demonstrates that, due to
incision and deposition effects, the downstream slope ratio in the
longitudinal section decreases after dam breaching. Figure 15 shows
the simulated results and actual photos of the dynamic breach pro-
cess at different time. The actual photos and simulated results are
similar, and the hydrodynamic and sediment transport processes

can be described using the appropriate numerical simulation met
hod.

(modified from Liu et al., 2010)

Breach hydrograph

Figure 16 shows the calculated and breach hydrograph during the
“11.03” Baige landslide dam breaching process, which is roughly
consistent with the trend of measured data. Table 3 also lists the cal-
culated and measured breaching parameters. The calculated peak
breach flow is 29,518 m3/s and the relative error with the measured
data (31,000 m>/s) is reasonable, indicating the validity of the simu-
lated results. Also, the calculated time to the peak is 35.06 h after
dam breaching, which is in good agreement with the measured
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Fig. 14 Topography of the
Baige landslide dam after
breaching. a Topographic con-
tour after the dam breach at
Baige (modified from Cai et al.
2020); b schematic diagram of

>
’;

the topography in the longi- //\
tudinal cross-section after the I A W
dam breach (modified from Cai
etal. 2020) (J’
|
|
\
\
\
|
|
RN
EEq=
\\“ N\
km
0 200 400 :
(a) Topographic contours after the dam breach at Baige (modified from Cai et al., 2020)
3100
3050 = vV v VI VIT IX X OXT X
E 3000 f=--osemepeemeeees A — - —Topography of laﬁdslide dam
\; | T T TS Topography after dam breach
.g 2950 l.—-—" : : =< . ---- Topography of the original river bed
< e S : - ;
E 2900 : ‘ =<_ :
M feeccecdecceea- S o S T St A
2850
2800 1 | 1 1 1 1 1 1
0 200 400 600 800 1000 1200 1400 1600 1800

Distance (m)

(b) Schematic diagram of the topography in the longitudinal cross-section after the dam breach

data (37.25 h after dam breaching). Hence, the maximum relative
errors for both peak breach flow and time to peak are within +10%.

Using the VOF method, the simulation results of the flood prop-
agation and corresponding physical parameters (i.e., free surface
elevation, flow depth, and average flow velocity) of the four typi-
cal monitoring points during the breach process can be obtained
to achieve mutual corroboration between the three-stage breach-
ing process of the landslide dam based on the model tests and
numerical simulation. The variations of the three parameters with
time at each monitoring point are presented in Figs. 17, 18, and
19, respectively. Due to the weak hydrodynamic conditions at the
initial stage of the dam failure, the difference in the values of the
monitoring points is slight. The starting time was set at 6:00 p.m.
on November 12, 2018. In stage 1, each monitoring point along the
flow direction begins to record water flow in sequence with time,
and the initial flow depth and average flow velocity maintained a
steady low level. Next, the flood runs through the whole spillway,
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(modified from Cai et al., 2020)

and the free surface at the entrance (point 1) rose significantly, as
did the flow depth. Notably, the average flow velocity at points 3
and 4 increases fastest during this stage, which verified the pres-
ence of backward erosion. In particular, the calculated maximum
free surface elevation is 2958.6 m, briefly higher than the meas-
ured value of 2956.4 m. Later, the free surface elevation at each
monitoring point drops rapidly as the breach reached stage 2 and
is affected by sustained longitudinal erosion of the spillway. Dur-
ing this stage, the maximum flow depth and average flow velocity
at each point were generated, and the breach flow discharge also
reached the maximum value. In general, the maximum flow depth
at each monitoring point along the flow direction decreased suc-
cessively. The average flow velocity at Point 1 accelerated signifi-
cantly due to the sustained downcutting and lateral erosion of the
breach. The maximum average flow velocities at the other points
were similar to the measured value of 10 m/s (Cai et al. 2020). Sub-
sequently, the free surface elevation entered a stable period, and it



(a)

Flow depth (m)

80.0

60.0

40.0

20.0

|

0.0

(c)

Flow depth (m)

80.0

40.0

o
200 ’Iy
{

0.0

(b)

Flow depth (m)
80.0

60.0

400 |

0.0

C))

Flow depth (m)

80.0

40.0

20.0

:

0.0

Fig. 15 Comparison of calculated and measured dynamic breach process. a Overflow of the spillway (04:45, November 12); b backward ero-
sion (10:00, November 13); ¢ streamwise erosion (14:30, November 13); d rebalance of the breach channel (18:00, November 13)

can be speculated that the erosion form of the breach transitions
from longitudinal undercutting to lateral expansion. In stage 3, the
average flow velocity of each monitoring point was consistent, and
the free surface and flow depth also tended to be the same.
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Fig. 16 Comparison of the calculated and measured breach hydro-
graphs

Breach morphology

Using an unmanned aerial vehicle (UAV), a three-dimension
model for the final breach morphology was reconstructed by
Cai et al. (2020). Detailed cross-sections of the residual dam can
be obtained by laser scanning from a UAV (Fig. 14). Accordingly,
Fig. 20 presents the four typical sections of the inlet (Sect. 1-1)
and turning point of the breach channel (Sect. 2-2"), the expan-
sion area at the downstream slope (Sect. 3-3'), and the outlet
(Sect. 4-4") of breach channel in the output of the numerical
model, which corresponds to the measured sections (II, V, VII,
and XI in Fig. 14b). The downstream slope ratio of the residual
dam decreased after dam breaching, which is consistent with the
description of the breach process (the incision and deposition

Table 3 Calculated and measured breaching parameters

Parameter Q, (m3/s) T,

(h)
Measured 31,000 37.25
Calculated 29,518 35.06
Relative error (%) —4.78 —5.88

Landslides 19 - (2022) | 2939



| Original Paper

Fig. 17 Variations of the free 2080

surface elevation with time at

different monitoring points i
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effects) based on the model tests (Fig. 21). Furthermore, Fig. 22
shows the calculated and measured final breach morphologies
at the four cross-sections, and the model predictions are consist-
ent with the measured data. In contrast, there is a gap between
the final breach morphology at the turning point (Sect. 2-2') of
the spillway and the measured data because of the complex flow
situation (Fig. 22b). Due to limitations of the steep valleys on both

November 13 November 14

Time

sides of the breach channel, the expansion area at the downstream
slope (Sect. 3-3') shows weaker lateral erosion than the other sec-
tions (Fig. 22¢). In addition, the final breach elevation at the land-
slide dam toe (Sect. 4-4) exhibits relatively lower elevation due to
the constant flooding during dam breaching (Fig. 22d). Overall,
the simulation results can provide an accurate visualization of the
final breach morphology.
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Fig. 19 Variations of the aver- 14
age flow velocity with time at
different monitoring points
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Comparison with other typical breach models the same input parameters. Hence, five typical empirical models for

landslide dam breaching, i.e., Costa (1985), Evans (1986), Costa and
The results obtained here are compared with some typical breach ~ Schuster (1988), Walder and O’Connor (1997), and Peng and Zhang
models to testify the numerical simulation method’s rationality and ~ (2012), are selected to simulate the breaching parameters. Three
applicability. It is well known that the empirical models are simple ~ simplified physically based models, such as DABA (Chang and
to use and usually have the same outputs from different users using ~ Zhang 2010), DB-TWHR (Chen et al. 2015a), and DB-NHRI (Zhong

Fig.20 Locations of the four
cross sections in the output of
the numerical model
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Fig.21 Comparison of the 2960
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topographies in the longitudi- -
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et al. 2020D), are also selected. Furthermore, a detailed physically
based model, namely, 2D double layer-averaged two-phase model
(Li et al. 2021), is also selected. The selection of these three sim-
plified physically based models and one detailed physically based
mode is because they have conducted the back analysis of the
“11.03” Baige landslide dam breach case (Zhang et al. 2019; Cai et al.
2020; Zhong et al. 2020a; Li et al. 2021), and the calculated breaching
parameters can be directly chosen for comparison based on the
reported results. Because of the complexity calculated processes of
the other physically based models, to be fair, only the above four
physically based models are chosen for comparison in this section.
A brief introduction of the empirical models and physically based
models for the comparison are shown in Tables 4 and 5, respectively.
The key breaching parameters such as peak breach flow (Q,), final
breach top width (Bf), final breach bottom width (bf), final breach
depth (D), and time to peak (T,) calculated by these models for the
“11.03” Baige landslide dam are listed in Table 6. It is worth noted
that, due to the complexity of final breach morphology, most of the
empirical model do not provide the final breach size. Because the
length of breach channel along the streamwise direction often has
a relatively large value, the final breach top and bottom widths in
Table 6 means the width of breach on the crest and at the bottom
of the landslide dam, which are measured parallel to the main val-
ley axis. The final breach depth means the vertical distance from
the lowest bottom of the breach to the original lowest point on the
landslide dam crest.

In Table 6, for empirical models, the calculated peak breach
flows by the model of Evans (1986) and full-variable equation of
the model of Peng and Zhang (2012) have the relative errors less
than +10%, while the calculated peak breach flows by the other
models are greater than + 25%. In addition, the calculated breach
size of the full-variable and simplified equations of the model
of Peng and Zhang (2012) have relative errors of less than + 20
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Distance (m)

and *30%, respectively. In general, the model of Peng and Zhang
(2012) adequately predicts the “11.03” Baige landslide dam breach
parameters. The most critical shortcoming is that the five empiri-
cal models neglect the breach processes, and only the model of
Peng and Zhang (2012) considers the soil properties of landslide
deposits. In addition, only the model of Peng and Zhang (2012)
can simulate the final breach size and the failure time. However,
the statistical methods for dam failure time are different,and more
importantly, it cannot calculate the occurrence time of peak flow
discharge. Therefore, the failure time analysis of the parametric
models is not carried out in this study.

Due to the high computational efficiency and acceptable errors,
simplified physically based models are widely used in the emer-
gency response for landslide dam breaching. As shown in Table 6,
the three simplified physically based models can reasonably pre-
dict the peak breach flow and time to peak with relative errors less
than +10%, except for the calculated peak breach flow by the model
of Zhang et al. (2019), with a relative error of 10.8%. It is noted that
these models can only obtain the breach size under the assumption
of a regular cross-section, which usually deviates from the actual
breach evolution. Concurrently, the influence of the actual 3D ter-
rain on the breach process cannot be reflected based on the simpli-
fied section assumption. Therefore, the accuracy of the empirical
and simplified physically based models depends on their physical
assumptions and input parameters, which have high uncertainty. In
addition, the detailed physically based model, namely the 2D dou-
ble layer-averaged two-phase flow model (Li et al. 2021), presented
a good performance on peak breach flow and time to peak, with
relative errors less than £10%. In contrast, the numerical simula-
tion method proposed in this study utilizes the three-dimensional
Navier-Stokes equations to control the flow dynamics, providing
the three-dimensional visualization information of dam failure
based on time variation.



Fig.22 Comparison of the
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final breach topographies at
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Table 4 A brief introduction of the typical empirical models for landslide dam breaching

No. Investigators No. of cases Expressions

1 Costa (1985) 10 Q, = 6.3H}*° (14)

Q _672‘/1,056(1054)3

Q,, =181(HyV,' ) (16)
2 Evans(1986) 29 Q, = 0.72V3(17)
3 CostaandSchuster (1988) 12 Q, = 0.0158(PE)**'(18)
4 Walder and O’Connor (1997) 18 Q, = 1.6V (19)

Q, = 6.7d}7*(20)
0.40
Q, =0.99(dy - v,)"* (21)

—0471 1569
5 Pengand Zhang (2012) 45 Full-variable equation: q, (H_d)_1'417<i)_0265 VA ( i > o (22)

N\UI

ng

13 q ] 0752 oms /3 \ 2P 7,0\
Full-variable equation: 8, _ (H_d) i (i) 7 vE oas (24)
Hy — \Ho Wy Hy Hq
L\ 0271
. ) B 1 \0911 [y
Simplified equation: == = (—d> <’—> e% (25)
H, Ho Hy
10 % 1
Full-variable equation: - = 0. 004( ) +0. oso(#) 0.044 ;;’d +0.088 H’— + a5 (26)
1
Simplified equation: = 0. 003( ) + 0. 070< > + ag (27)
21

0.882 0.041 1\ 700 1\
. —0. V§ V§
Full-variable equatlon Hy Ha L I % (28)
H, w, H, H,
0 d d d

1\ 0118
0.923 3

Simplified equatlon (H"> (VH’—> e% (29)
d

Ho

Qs peak breach flow with the unit of m3/s, V landslide dam volume with the unit of m? V;, dammed lake volume with the unit of m3 V},
dammed lake volume with the unit of 10% m’ H,, landslide dam height with the unit of m; H,, unit height with the unit of m; g, gravitational
acceleration with the unit of m/s* W, landslide dam width with the unit of m; PE, potential energy with the unit of joule with the unit of J; d,;,
drop in dammed lake level with the unit of m; V,, released water volume of the dammed lake with the unit of m’ B, final breach top with the
unit of m; bf, final breach bottom width with the unit of m; Df, final breach depth with the unit of m; Tf, failure time with the unit of h; T,, unit
time with the unit of h. a,=1.276 for dam material with high erodibility, a,= —0.336 for dam material with medium erodibility, a, = —1.532 for
dam material with low erodibility; a,=1.236 for dam material with high erodibility, a,= —0.380 for dam material with medium erodibility,
a,= —1.615 for dam material with low erodibility; a,=1.683 for dam material with high erodibility, a,=1.201 for dam material with medium
erodibility, a, is unavailable for dam material with low erodibility; a,=0.588 for dam material with high erodibility, a,=0.148 for dam material
with medium erodibility, a 418 unavailable for dam material with low erodibility; a;=0.775 for dam material with high erodibility, a,=0.532 for
dam material with medium erodibility, a is unavailable for dam material with low erodibility; a;=0.624 for dam material with high erodibility,
ag=0.344 for dam material with medium erodibility, a, is unavailable for dam material with low erodibility; a,= —0.316 for dam material with
high erodibility, a,= —0.520 for dam material with medium erodibility, a, is unavailable for dam material with low erodibility; a;= — 0.500 for
dam material with high erodibility, a;= — 0.673 for dam material with medium erodibility, a4 is unavailable for dam material with low erodibil-
ity; ag= —0.635 for dam material with high erodibility, a,=—0.518 for dam material with medium erodibility, a,is unavailable for dam material
with low erodibility; a,,= — 0.805 for dam material with high erodibility, a,, = — 0.674 for dam material with medium erodibility, a,, is unavail-
able for dam material with low erodibility
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Table 6 Breaching parameters from typical breach models for the “11.03” Baige landslide dam

Investigators Comparison Q, (m3/s) By (m) bf (m) Dy (m) T, (h)
Costa (1985) Calculated result 8936 (Eq. (14)) — — — —
Relative error —71.17% — — — —
Calculated result 21,670 (Eq. (15)) — — — —
Relative error —30.10% — — — —
Calculated result 18,551 (Eq. (16)) — — — —
Relative error —40.16% — — — —
Evans (1986) Calculated result 29,175 (Eq. (17)) — — — —
Relative error —5.88% — — — —
Costa and Schuster (1988) Calculated result 15,204 (Eq.(18)) — — — —
Relative error —50.95% — — — —
Walder and O’'Connor (1997) Calculated result 15,967 (Eq. (19)) — — — —
Relative error —48.49% — — — —
Calculated result 13,420 (Eq. (20)) — — — —
Relative error —56.71% — — — —
Calculated result 17239 (Eq. (21)) — — — —
Relative error —44.39% — — — —
Peng and Zhang (2012) Calculated result 28,267 (Eq. (22)) 228.04 (Eq.(24)) 126.08 (Eq.(26)) 5732 (Eq.(28)) —
Relative error —8.82% —13.65% 16.96% —7.54% —
Calculated result 22,695 (Eq. (23)) 186.69 (Eq.(25)) 130.98 (Eq.(27)) 52.55 (Eq.(29)) —
Relative error —26.79% —29.31% 21.51% —15.25% —
Zhang et al. (2019) Calculated result 34,348 337.4 139.8 70.5 37.9
Relative error 10.8% 27.75% 29.68% 13.71% 1.74%
Cai et al. (2020) Calculated result 31,041 — — — 37.83
Relative error 0.13% — — — 1.56%
Zhong et al. (2020a) Calculated result  28,613.1 261.8 100.3 70.2 37.47
Relative error —7.7% —0.9% —7.0% 13.2% 0.6%
Li et al. (2021) Calculated result 32,787 — — = 36.5
Relative error 5.76% — — — —2.01%
The new model Calculated result 29,518 — — — 35.06
Relative error —4.78% — — — —5.88%

Conclusions

The enormous floods caused by a landslide dam breach can bring
catastrophic consequences. In this study, a detailed physically based
model was proposed for numerical modeling of landslide dam
breaching. The following conclusions can be drawn:

(1) The detailed physically based three-dimensional model
developed for landslide dam breaching can describe the hydro-
dynamic features of the dam-break flow, especially for turbulent
flow. By comparing several representative bedload formulas, it
is concluded that the Meyer-Peter and Muller formula has the
best performance in different sediment transport stages when
considering the broad graded characteristics of landslide dam
deposits. Furthermore, the evolution process of the breach bed
elevation can be accurately obtained by the equilibrium sedi-
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ment transport formula combining bed load and suspended
load. Finally, the slope stability can be determined by calculating
the slope angle formed by the bed elevation of the center grid
and the adjacent grids, which effectively ensures the simulation
quality of the breach morphology evolution.

(2) The newly developed model has been verified by a bench-
mark experiment case of dam-break flows over mobile beds.
Considering the complexity of the three-dimensional dam-
break flow and the challenges brought by fluid dynamics, the
calculated water level, and bed elevation results are generally in
good agreement with the experimentally measured data.

(3) Rapid spatial information processing technology was utilized
to reconstruct the three-dimensional topography-based model
for the “11.03” Baige landslide dam. The model performance has
good accordance between the measured data and numerical
simulation results on breach hydrograph and breach morphol-



ogy. The relative errors on peak breach flow and time to the peak
were both less than +10%. Furthermore, the simulated dynamic
breach process was generally consistent with the video records,
and the analyses verified the three development stages of land-
slide dam breaching. Monitoring points set at key positions gave
the physical parameters, providing a reference for analyzing
the breach process. Also, four typical final breach sections were
selected on the residual dam body. The final morphologies of the
calculated cross-sections were consistent with the measured data.
(4) Five empirical models, three simplified physically based
models, and one detailed physically based model for the numeri-
cal simulation of landslide dam breaching were compared with
the newly developed numerical model. Comparing the breach-
ing parameters of the “11.03” Baige landslide dam failure case
indicated that the newly developed simulation method performs
well when calculating the breach hydrograph, especially the
three-dimensional breach morphology evolution process during
the landslide dam breaching. The present numerical model not
only solves the problem that the empirical models cannot obtain
the breach hydrograph and breach morphology evolution pro-
cess, but also overcomes the defect that the simplified physically
based models pre-assume the geometric shape of the breach.
In addition, the present work can accurately reflect the breach
process of landslide dams under complex three-dimensional
terrain, while the current detailed physically based model can
merely show the two-dimensional breach process.

(5) The numerical modeling in this study can contribute to
understanding landslide dam breach mechanisms and provide
helpful guidance for emergency disposal. Inevitably, due to the
incomplete understanding of sediment transport of wide graded
landslide deposits, further studies and independent tests are
needed to validate, improve, and compare to the newly devel-
oped numerical simulation method.
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