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ABSTRACT
A coupled solid-fluid numerical model was applied to simulate the dam
overtopping event of landslide generated waves in an idealized
reservoir. The model employed was based on the Reynolds-Averaged
Navier-Stokes (RANS) with k–ε equations for turbulence closure. The
motion of the solid landslide was modeled using the equation of motion
for rigid body, and free surface was tracked using Volume of Fluid
(VOF) method. The numerical model was validated using available
experimental data of surface elevation, wave profile, and vertical
velocity distribution during the dam overtopping process of landslide
generated waves. The numerical model was also used to illustrate the
velocity distributions in wave generation and overtopping process.
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vertical velocity profile; coupled solid-fluid simulation.

INTRODUCTION
In the mountainous watersheds in southwest of China, impulse waves
are often generated in reservoirs when a high speed landslide falling
into water from reservoir bank. The landslide generated impulse waves
subsequently propagate through the reservoir and run up the dam. If the
combination of impulse wave run-up height and operation water level
of the reservoir exceeds the dam freeboard, wave overtopping event
would occur (Fig. 1), resulting in flooding and damaging of agricultural
and/or residential areas downstream.
Generation

Propagation

Overtopping

models based on nonlinear shallow water (NSW) equations (e.g. Yang,
2002; Medina et al., 2008; Saut, 2003;), Boussinesq equations (e.g.
Hanes and Inman, 1985; Lynett and Liu, 2002; Zhou, 2008), and
Reynolds-averaged Navier–Stokes (RANS) equations (e.g. Heinrich,
1992; Liu et al, 2005; Yuk, et al., 2006). Among these models, the
models based on RANS equations are capable of simulating surface
nonlinearity, turbulence viscosity, and energy dissipation due to
impulse wave generation, propagation, and overtopping.
It should be noted that landslide generated wave in mountainous
reservoirs and wind induced regular wave in coastal areas are two
different type of waves with divers physical features. On one hand,
wind induced regular wave is generated at water surface due to friction
between water and wind, and thus its energy is concentrated near water
surface, decreasing with water depth. On the other hand, landslide
generated impulse wave is created by energy exchange between high
speed landslide and still water body. As a result, the energy of an
impulse wave is disturbed in the whole water body that is displaced by
landslide mass, and for some cases reaches the bottom of reservoir.
From the perspective of energy, with the same wave height, landslide
generated wave contains more energy that wind induced regular wave.
Therefore, it remains unclear that whether the empirical equations for
wave overtopping in coastal engineering, that are normally based on
small scale regular wave tests, are directly applicable to landslide
generated wave overtopping in mountainous reservoirs.
The objective of the present work is to simulate the dam overtopping
process of landslide generated waves using a RANS-type model. To
this end, a coupled solid-fluid model based on the RANS equations
with k–ε model for turbulence closure are employed. Model validate
was conducted against available experimental data of time history of
surface elevation as well as velocity fields at selected locations. The
numerical model is also used to illustrate the velocity distribution
during the wave generation process.

Fig. 1 Sketch of the dam overtopping process in the dammed reservoir

METHODOLOGY

The earlier studies on the landslide generate waves relied largely on
experiments. A solid review about experimental discoveries on the
landslide generated waves can be found in Di Risio et al. (2011).
Although there are quite a few experimental studies available in the
literature on the generation and prorogation of impulse wave in
reservoir, little work has been reported on dam overtopping of impulse
wave. In addition to experiments, several types of numerical models
have been developed to study landslide generated waves, such as

In order to simulate the interaction between landslide mass and water,
the equation of motion for rigid body is incorporated into an earlier free
surface flow model developed by Lin (2007). Lin (2007)’s model was
capable of simulating turbulent free surface flow and its interaction
with moving body with prescribed motion. However, in the case of
impulse wave generated as landslide falling into water, the motion of
landslide is affected and coupled with the motion water, which cannot
be pre-determined. Therefore, a numerical algorithm for describing the
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motion of ridge body with multi-degrees of freedom is implemented.
Details of numerical method and boundary conditions for coupled
fluid-solid simulation can be found in Lin (2007). Nevertheless, for
completeness of present study, the governing equations for fluid and
solid are briefly discussed below.
In this study, the traditional Reynolds-averaged Navier-Stokes (RANS)
equations (Eq. 1 and 2) are used to solve the mean flow velocity, and kε turbulent model (Eq. 3 and 4) is used for the closure of RANS
equations. The motion of the landslide is modeled using the equation of
motion for rigid body (Eq. 5). VOF method is adopted at the free
boundary to capture the rapidly changing water surface. Two-step
projection method is used to solve the RANS equation.
RANS Equations:
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0
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where α and δ are integration parameters. For α= 1/4 and δ=1/2,
Newmark’s integration is reduced to the average acceleration method,
and for α= 1/6 and δ= 1/2, the method is called the linear acceleration
method.
Substituting Eq. 6 and 7 in to Eq. 5 yields
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Then the acceleration and velocity at t+∆t can be obtained from
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Eq. 8 suggests the location of the moving ridge body on a new time
step depends on its displacement, velocity, and acceleration on the
previous time step. Once the new location of the rigid body is
computed using Eq. 8, its acceleration and velocity on the new time
step can be subsequently obtained by Eq. 9 and 10, respectively.
On the free surface, the kinematic boundary condition must be satisfied.
For the kinematic boundary condition, any particle cannot go through
the free surface. Let  ( xi , t )  0 denotes the free surface, and the total
derivative of the surface with respect to time would be zero on the
surface.

of the mean flow, g i is the i-th component of the gravitational
acceleration, and  is the fluid density.


 u i    0
t

The motion of a rigid body (e.g. solid landslide mass) is determined by
Newton's Law with the origin of the coordination fixed at its mass
center. The general form of linear equation of motion for multi-degreeof-freedom ridge body can be expressed as

It is assumed that turbulence does not diffuse across the free surface.
Therefore, the normal flux of k and  should vanish on the free
surface.
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where M is the mass (or moment of inertia) of the rigid body, F is the
total force (or moment) exerted on the rigid body, and xt , xt are the
first, second order derivative of linear (or angular) displacement x ,
respectively.
Newmark (1959) presented a series of single-step integration methods
for the solution of linear ordinary differential equations (ODE). In this
study, Newmark’s equation in standard form (Eq. 6 and 7) is selected
for integration of equation of motion (Eq. 5).
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Along the rigid wall boundary, near wall function method (Launder,
B.E., Spalding, D.B., 1974) is adapted in this model. The near wall
turbulent kinetic energy k and dissipation rate  are specified assuming
local equilibrium of turbulence,
3
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MODEL VALIDATION
Laboratory experiments of landslide generated waves were conducted
in the State Key Laboratory of Hydraulics and Mountain River
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Engineering at Sichuan University, China. The computational domain
which covers the experimental setups is illustrated in Fig. 2. As shown
in the figure, the origin of coordination is fixed at the front toe of dam
incline, and the numerical computations using the coupled fluid-solid
model are performed in the domain with -7.5m < x < 1.5m and 0.0m <
y < 1.0m. Structures (e.g. uniform sloping plane, sliding box, and
idealized dam) with the same geometries as those used in the
experiment are also included in the computational domain. The
following boundary conditions are applied: the Dirichlet pressure
boundary condition, p = 0, is used on the upper boundary of the
computational domain, while the wall-type boundary condition was
applied on the bottom of the domain and the surface of structures.

Fig. 2 Computational domain and numerical setup for landslide
generated waves
To eliminate the dependence of computational results on grid meshes, a
uniform structured mesh with dx = dy = 0.005m is used and compared
with measured data. A fixed time step dt = 0.001 s is used to provide a
stable and precise solution during the entire computation. Time is
recorded when the sliding mass is released from the still water surface.
Both the laboratory experiments and numerical simulation start from
the generation of impulse wave as the landslide mass is released from
the slope.
Time histories of surface elevation at the three wave gauge stations
(WGS) are shown in Fig. 3, where the dots denote the experimental
data, and lines denotes numerical results. The locations of the three
wave gauges stations correspond to generation, propagation, and
overtopping zones, respectively. The comparison presented in Fig. 3
indicates the overall agreement of free surface profiles and vertical
velocity component between experimental measurements and
numerical computations for the case of dam overtopping are
satisfactory.
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In this section, outputs by the numerical model are used to visualize the
whole process of wave generation and overtopping as a demonstration
of the model’s capability of capture free-surface distortion and
deformation in the wave-generation stage due to coupled fluid-solid
interactions
Fig.4 shows the computed results of impulse wave generation due to
the water entry of the landslide mass. As shown in Fig. 4, the primary
factor for wave generation in the early stage is water displacement with
the movement of landslide. When the solid landslide mass is released
from its initial position (Fig. 4(a)), a sudden surge of pressure is created
on the still water surface, and as a result the water body gained its
initial velocity. Further water entry of the landslide causes the volume
of water displaced increasing gradually (Fig. 4(b)), and creates a
forward flow. The surface elevation continues to rise until the landslide
reaches the bottom of slope (Fig. 4(c)), where the amount of water
displaced is the maximum and the surface elevation is the highest.
Consequently, a leading positive forward- moving wave is generated
(Fig. 4(d)), while a portion of water inundates backward to the
landslide and runs up the slope (Fig. 4(e-f)). Further run-up and rundown of the inundated water results in the generation of a series of
wave tails with minor wave crest following the leading wave.
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Fig. 4 Numerical simulation results of the generation phase of the
landslide generated waves
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Fig. 3 Model vaidation against time history of surface elevation at
selected locations

The simulated overtopping process of the leading wave over the
reservoir dam are given in Fig. 5, which presents the time snapshots of
velocity field during dam overtopping. Fig. 5 (a) and (b) shows the
early stage of wave run-up. While the first wave crest is approaching
the dam, water level gradually climbing up the front slope of the dam.
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The water level continues to rise until the wave front reaches the top of
the dam (Fig. 5(c)), where the wave front reaches the dam crest and
overtopping process begins. Further overtopping causes a portion of
water flows over the crest of the dam and swash down the rear slope
(Fig. 5(d) – (e)), while the majority of water goes backward to the front
slope and initiates the rundown process (Fig. 5(f) – (h)). After the wave
reaches its maximum rundown point, the secondary run-up begins. The
secondary wave run-up is much smaller than the first one, for the major
portion of the wave has been reflected by the steep slope.
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Fig. 5 Numerical simulation results of the dan overtopping process of
the leading wave

CONCLUSIONS
In this paper, dam overtopping of the leading wave generated by water
entry of a solid landslide is studied. Numerical simulations are
performed with the same scenario as the available experimental data
using a coupled fluid-solid numerical model with k-ε turbulence closure.
Experimental and numerical results are compared for variations of
surface elevation at gauge stations and show reasonable agreement. The
comparisons demonstrate the numerical model can adequately
reproduce the main hydrodynamic features of landslide generated wave
covering the generation, propagation, and overtopping processes.
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