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Abstracts:Landslide-induced waves pose significant risks to human life, property, and infrastructure, especially in
relatively narrow channels where wave propagation differs from that in reservoirs or coastal areas. This study
introduces a drift-flux model, treating the two-phase mixture as a whole to simulate flow-like landslide-induced
waves efficiently. The model combines the renormalization group k<p turbulence model and volume of fluid
method to accurately describe wave formation and propagation. After verification through mesh size convergence
tests and a benchmark experiment, the model is applied to the Baige landslide-induced waves in a narrow river
channel on October 10, 2018. The results indicate that wave evolution occurs in four stages: run-up, inundation,
run-down, and propagation along the valley. The run-up heights and wave decays vary between upstream and
downstream locations at the same distance from the landslide center, depending on the extension direction of the
river channel. The numerical predicted maximum run-up height of the Baige landslide-induced waves on the
opposite hill slope is 112 m, consistent with the actual situation. However, the maximum run-up heights predicted
by empirical equations are lower than both the actual and numerical simulated values due to the lack of
consideration of multiple wave reflections in a narrow river channel. Utilizing the previous empirical equations to
evaluate landslide-induced waves in a narrow river channel may result in underestimating their hazard. This study
contributes to the risk assessment of landslide-induced waves in narrow water bodies, and its findings are essential
for safety management and siting decisions regarding infrastructure and facilities.
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1. Introduction

Landslides are common geological phenomena in mountainous regions that can lead to impulse waves, barrier
lakes, and other secondary effects, significantly endangering human life, property, and infrastructure (Cheng et
al. 2024, Cui et al. 2009, Fritz et al. 2004, Li et al. 2024, Wu et al. 2020, Wu et al. 2023). A landslide-induced
wave can directly damage residential areas, dams, and adjacent roads, railways, and bridges. Alaska experienced
a massive landslide-induced wave on July 9, 1958, resulting in a colossal wave with a run-up height of 524 m
(Fritz et al. 2009). The most well-known incident took place at the Vajont dam reservoir in Northern Italy,
where an impulse wave with a run-up height of 250 m overtopped the dam, resulting in the loss of
approximately 2000 lives (Rose and Hungr 2007, Xu et al. 2022). In the Three Gorges Reservoir in China, the
Qianjiangping landslide-induced wave occurred on July 14, 2003, leading to 11 missing fishermen and the
overturning of 22 fishing boats (Wang et al. 2017). Since 2008, landslide-induced waves have been frequently
reported in the reservoir areas of the Three Gorges Reservoir in China, involving incidents such as the
Gongjiafang landslide, the Qingshi landslide, and the Hongyanzi landslide, leading to numerous casualties and
substantial financial losses (Yin et al. 2015). These events underscore the significance of comprehending
landslide-induced wave propagation to facilitate preliminary hazard assessment and risk management.This work
aims to provide guidance for the risk assessment of landslide-induced wave in a narrow river channel, with the
following sub-aims:(a) Verify the effectiveness of the proposed numerical method;(b) Reproduce and
investigate the Baige landslide-induced wave propagation in a narrow river channel;(c) Provide insight into the
effect of the extension direction of river channel on the run-up height and wave decay of the impulse wave on
the adjacent and opposite hill slopes.

2. Overview of the Baige landslide

Two successive landslides in Baige village, Tibet, Southwest China, on the right bank of the Jinsha River (31°
4" 56.41" N,98° 42’ 17.98" E), that occurred on October 10 and November 3, 2018, respectively, have
aroused widespread concern in the landslide study community, and a number of studies have been reported so
far (Li et al. 2023, Liu et al. 2021, Yan et al. 2022). When the second Baige landslide that occurred on
November 3, 2018, the river channel still retained the deposits generated by the first landslide that occurred on
October 10, 2018, so there was no obvious impulse wave in the second landslide. Thus, our study focused on the
first landslide that occurred on October 10, 2018.

The valley where the landslide occurred exhibited a typical V-shaped morphology, with slope angles
ranging from 30 to 50°. The Baige landslide mass primarily comprised fractured rock and gravel-soil, resulting
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in a large wave when over 2.4x10” m’ of landslide volume plunged into the narrow river channel. The main
parameters of the Baige landslide, with an average width and thickness of approximately 600 m and 20 m,
respectively. The highest elevation of the landslide area and the average free surface elevation of the Jinsha
River were 3720 m a.s.l. and 2910 m a.s.l., respectively, resulting in a relative elevation difference of over 800
m (Hu et al. 2020). During the dry season, the valley's elevation ranged from 2850-2880 m a.s.l., with an
average elevation of 2870 m a.s.1.

A field investigation showed that the maximum elevation of the Baige landslide-induced wave reaching the
left bank of the Jingsha River was approximately 3040-3050 m a.s.l (Hu et al. 2020). On the left bank of the
Jinsha River, observable effects of the landslide-induced wave include vegetation damage, extensive scattered
debris, and scour marks (Hu et al. 2020).

3. Methods

The finite-volume CFD code Flow3D was used in the present study to model the Baige landslide-induced wave.
The drift-flux model (DFM) was applied to model the interaction between landslide mass and water. The
renormalized group model (RNG)-based k-epsilon turbulence model (k-p) was employed to compute turbulence
and viscosity problems.

In fluids composed of multiple elements, such as liquids and particles, the velocities of these components
may vary. The primary cause of these velocity differences is typically non-uniform body forces resulting from
density variations. Despite these differences, the relative velocities are generally small enough to be considered
a "drift" between components under various conditions. This concept of "drift" is tied to the significance of the
inertia of a dispersed element moving within another component. When the inertia of relative motion is
negligible, a "drift-flux" model is used. In this approach, the relative velocity is minimized due to the balance
between a pressure gradient and a counteracting drag force between the components. Drift velocities are crucial
for the transport of both mass and energy.

A talus typically has a granular structure, which often results in circular failure surfaces during landslides.
However, the findings from field observations, along with the topographical and geological characteristics of the
Baige landslide study area, indicate that the failure surface in a talus may also be planar (Li et al. 2023). As a
result, instead of sliding, a flowing movement could potentially occur, making the drift-flux model a suitable
method for realistic simulation. In line with previous studies, the reservoir water is modeled as a fluid with a
density of 1000 kg/m?, while the landslide material is treated as a fluid with a density of 1560 kg/m?. Therefore,
the drift-flux model was applied in this study for analyzing two-phase flow dynamics.

The equation of continuous momentum balance of water can be written by Eq. (1), and the equation of
momentum balance of solid flow can be written by Eq. (2) (Ersoy et al. 2022, Hibiki and Ishii 2003, Karahan et
al. 2020).

MV, =—LVP+F+f£ur (1)
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where u; and u, indicate the velocities in a local grid cell of the continuous water phase and dispersed particle
flow phase, respectively; ur denotes the difference in relative velocity between the two phases, which can be

written by u, —u,; p; and p, denote the densities the continuous water phase and dispersed particle flow

phase, respectively; P indicates fluid pressure; t denotes time; f'is the volume fraction of the continuous water
phase in the two-phase mixture; F denotes the body force; K denotes the drag coefficient associated with two
phases interaction, which can be determined by the percentage of the two-phase mixture volume and the drag
coefficient of the particle flow.

The drift flux model aims to compute the motion of the two phases relative to the volume-averaged velocity

(;). The volume-weighted average velocity is u = fu; +(1— f)u, . The volume-weighted average velocity,

chosen for its automatically enforced mass continuity, is preferred over the mass-weighted average. While some
momentum may be transported, it is typically negligible and has been disregarded.

4. Evolution of the October 10, 2018 Baige landslide-induced wave

The velocity evolution of the two-phase mixture of the Baige landslide-induced wave, comprising the landslide and
water, is illustrated in Fig. 1. Att=8 s, the landslide commences, accompanied by the observation of tensile cracks in
the trailing edge (Fig. 1a), influenced by gravity. By t = 15 s, the velocity at the landslide center reaches 50 my/s.
Subsequently, the landslide's velocity diminishes, while the river's velocity increases, signifying the transfer of kinetic
energy from the landslide to the river.
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Stage one: From t = 18 s to 26 s, the waves surge up to the opposite hill, indicated by the velocity variation of
reference point B.

Stage two: From t =26 s to 36 s, the wave height at the opposite hill reaches its maximum. Stage three: From t =
37 s to 58 s, the velocity of reference point B first increases and then decreases, reflecting the waves and landslide
running down from the opposite hill and subsequently depositing in the riverbed. Stage four: After the landslide
impacts the narrow river channel, reference points A and C acquire velocity, signifying the propagation of the
landslide-induced wave along the river (Fig. 1d).

Velocity of the two-phase mixture (m/s) Velocity of the two-phase mixture (m/s)
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Fig. 1 The velocity evolution of the two-phase mixture of landslide and water of the Baige landslide-induced wave at
different times. (a) t=8s; (b)t=24s; (c)t=33s;(d) t=55s.

5. Conclusions

Landslide-induced waves can bring catastrophic consequences. In this study, the drift-flux model is introduced
to model the landslide-induced wave propagation in a narrow river channel. The following significant results are
obtained:

(1) The evolution of the impulse wave in a narrow river channel can be divided into four stages: wave run-up,
inundation, run-down on the opposite hill slope, and wave propagation along the valley. The lateral wave
propagating along the narrow river channel undergoes wave superposition and attenuation processes, while the
wave propagation energy at the opposite hill slope decreases along the valley.

(2) The runout distance of the wave along the narrow river channel is more than 2900 m, more than twice of that
of the Baige landslide, indicating that the impact damage of the landslide-induced wave is greater than that of
the landslide mass. The run-up heights and wave decays on the adjacent and opposite slopes of the Baige are
different between upstream and downstream at the same distance from the landslide center. This suggests that a
river channel's extension direction influences the run-up heights and wave decay of an impulse wave.

(3) Four well-known empirical models for predicting maximum run-up height of landslide-induced wave are
compared with the numerical model. The predicted maximum run-up heights by the empirical models are much
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smaller than the actual and numerically simulated values due to the lack of consideration of multiple wave
reflections in a narrow river channel. Hence, using previous empirical equations to evaluate landslide-induced
waves in a narrow river channel may underestimate its hazard.
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