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ABSTRACT

This thesis describes a time-domain boundary element method to numerically simulate
linear waves generated by a horizontal-moving landslide of an arbitrary profile. The
approach to setting up the numerical models is based on a Green’s function method and a
time-stepping procedure. The numerical models include a boundary condition at the
landslide surface that accounts for wave generation, a radiation condition in the far field
that accounts for open water, and free surface boundary conditions in a time-stepping
procedure that account for wave propagation. By solving the first-order boundary value
problem in the time domain, waves generation ahd propagation are simulated
numerically. Although the present numerical method can be applied to a variety of
landslide configurations, only vertical wall with horizontal movement is considered in the
present study. The corresponding numerical models in two dimensions and three

dimensions are developed.

The numerical models are initially used to simulate the waves generated by a
vpiston-type wavemaker with a periodic wave paddle movement, and the results are
validated against a number of analytical solutions as well as available experimental
results. Specific two-dimensional landslide problems are also simulated on a horizontal-
moving wall movement and comparisons of numerical results with analytical solutions

have demonstrated good agreement.

A number of numerical simulations on landslide-generated waves have been
performed and a selection of numerical results is presented and analyzed. The results
exhibit various features of interest that are discussed. Engineering curves have been
developed based on the numerical results to estimate order-of-magnitude wave height
caused by landslides. A case study has been carried out to demonstrate the application of

numerical models.

The numerical method can be applied to account for a landslide of an arbitrafy

shape and movement, and a water body surrounded by surfaces of various geometries.



iii
The approach and numerical models can also be extended to account for nonlinear wave

effects.

Overall, the numerical method and the numerical models are found to be able to
provide a reasonably flexible and reliable means of studying and predicting landslide-

generated waves.
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CHAPTER 1 INTRODUCTION

1.1 General

Water waves generated by landslides have been of great interest to ocean, coastal and
hydraulic engineers for a number of years. Devastating damages caused by landslide-
generated waves have been recorded all around the world. However, the prediction of
landslide-generated waves, especially in three-dimensional cases, is still in the research

area.

A landslide is often defined as the downward sliding or falling of a relatively dry
mass of earth, rock, or mixture of the two. The slope is usually steep and the movement
rapid or moderately rapid. Landslides may be categorized into several types according to
the rate and character of movement and the kind of material. In coastal or waterfront
areas, depending on the geometry of shoreline, landslides are often categorized into
vertical rock fall, horizontal wall movement, massive slump, vertical seabed movement

due to earthquake, sliding wedge down a slope, or submarine landslide (see Fig. 1).

Experimental study, theoretical development, and numerical modeling have been
the three main approaches to studying landslide-generated waves. Experimental study is
often very time-consuming and costly, thus has mostly been used to validate theoretical
solutions and numerical model results. Theoretical development becomes very difficult
due to the complicated geometry and moving boundary of landslide, thus is mostly
limited to the two-dimensional cases. Numerical modeling, on the other hand, has the
advantage of being able to handle complicated boundary geometry and simulate various
forms of landslide movement. The drawback of numerical modeling is its limitation on
the size of the domain and its high need for computer hardware resources (CPU speed,
memory, etc.). With the help of fast-growing computer hardware industry, numerical

modeling has been more and more favorable to researchers.

Finite Difference Method (FDM), Finite Element Method (FEM), and Boundary
Element Method (BEM) are the three main numerical modeling methods. FDM and

FEM both digitize the problem domain into a finite number of elements, and solve the
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governing differential equations through some approximation method. BEM on the other
hand, digitize only the boundary of the problem domain, and solve the governing
differential equations based on the boundary values. In many numerical simulations in

coastal engineering, BEM has become favorable for many researchers.

The following section gives a brief review of efforts made on the study of landslide-

generated waves and related topics.

1.2 Literature review

The problem of landslide-generated waves has been treated as various theoretical and
numerical models by different authors. These landslide models include horizontally
moving wall, vertically falling box, two-layer flow, and a solid body sliding down a
slope. Some experimental work has been performed to verify the models or to simulate
real cases. Most of the previous studies have been focusing on two-dimensional cases,

while tentative solutions for three-dimensional cases are limited.

Previous studies on landslide-generated waves and some related topics are grouped

into following categories:

¢ Two-dimensional horizontally moving wall or vertically falling box;

e Two-dimensional vertical deformation at the bottom of the seabed or reservoir;

¢ Two-dimensional or three-dimensional solid body sliding down a slope;

e Two-dimensional or three-dimensional two-layer flow;

o Experimental work and other models;

¢  Wavemaker Problems;

e Relevant studies based on Green’s function method and time-stepping method.

These are briefly reviewed in turn as follows.
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T wo-dimensfonal horizontally moving wall or vertically falling box

Wiegel et al. (1970) studied waves generated by vertically falling rockfall (referring
to Fig.1(a)). A two-dimensional linear theoretical approach was presented and some
experiments were carried out. The rockfall was simulated as a rectangular box falling
down from the above the water surface or from the water surface. The nonlinear effects

caused by the dimensions of the rockfall were discussed.

Noda (1970) simplified the problem of landslide-generated waves into two distinct ‘
types and presented corresponding analytic models. One type of landslides was a vertical
landslide, in which case a landslide entered and moved through the water vertically
(referring to Fig.1 (a)). The model used to approximate vertical landslides was a two-
dimensional box falling to the bottom at the end of semi-infinite channel. The other type
was called horizontal landslide, in which case a landslide entered and moved horizontally
through the water (referring to Fig.1 (b)). The horizontal landslide was modeled by a
two-dimensional moving wall. The analytic solutions were based on the linearized
theory of gravity surface waves and the applications of such solutions were determined
by the comparison with the experimental work. .For the vertical landslide problem, Noda
compared his theoretical results with experiments performed by Wiegel et al. and that by
himself, and used his linear theory solution to predict the nonlinear waves generated by
Lituya Bay landslide in Alaska. He concluded that the landslide-generated wave surface
profile was only dependent on the volumetric inflow rate, and thus the distribution of
velocity-depth under a potential landslide could be neglected. While Noda neglected
impact effects, experiments carried by Wiegel et al. showed that for reasonably large
distances from the box, the wave surface profile was essentially independent of the
impact and splash produced by the box. Although a vortex was formed next to the box as
the box fell during the experiments, the linearized theory which assumed irrotational
motion still Apredicted very well the wave profile in the oscillatory region.. As for
horizontal landslide problem, the theoretical model results were not validated due to

limited experimental data.
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Gozali and Hunt (1989) used the method of characteristics to obtain numerical
solutions for water waves generated in a reservoir by a relatively local landslide. The
landslide was modeled by a vertical wall moving a horizontally over a distance of at least
ten reservoir depths into the reservoir and following an assumed velocity variation with
time (referring to Fig.1 (b)). The generated waves were approximated by nonlinear, non-
dispersive long-wave approximations. The results were shown with dimensionless plots
of maximum wave heights as functions of time and distance for both one-dimensional
and axis-symmetric solutions. Since the landslide was much simplified, and no
experimental results or other source of data were compared, the use of the numerical

model was limited to some certain conditions and questions about the validation remain.
Two-dimensional vertical deformation at the bottom of the seabed or reservoir

Raney and Butler (1976) gave a two-dimensional numerical approach to the
landslide-generated wave problem by neglecting the vertical component of velocity in the
governing hydrodynamic equations, using a finite difference method. In this model, the
landslide was represented by a time-dependent vertical deformation of the bottom of the
reservoir plus additional terms to represent the effect of the landslide due to viscous and
inertia forces (referring to Fig.1(c)). The numerical results were compared with the
experimental data from a physical model of Libby Dam and Kootenai River in western
Montana, USA, and good agreement was obtained. They concluded that, for small
landslide velbcities, the viscous drag and pressure drag contribution to wave heights and
velocities were small, and the physical displacement of the water by the landslide was the
predominate factor. For large landslide velocities, significant contributions to wave

heights and propagation velocities were produced by the viscous drag and pressure drag.

Hunt (1988) modeled waves generated in a reservoir by a landslide by injecting an
instantaneous point source of fluid through the bottom of a reservoir of infinite extent
based on linear wave theory (referring to Fig.1 (d)). It was assumed that times were large
relative to the duration time of the landslide and that distances were large relative to a
characteristic horizontal dimension of the volume of water displaced by the slide

material. Solutions were obtained for two dimensional and axisymmetric problems. The
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expressions for maximum wave amplitudes, length, period and position were obtained.
The calculated results were compared with Noda’s (1970) experimental results and good
agreement was obtained. The results may be useful for providing boundary conditions

for either numerical or experimental models of wave run-up on sloping beaches.
Two-dimensional or three-dimensional solid body sliding down a slope

Harbitz (1992) developed a three-dimensional mathematical model based on the
hydrodynamic shallow water equations for numerical simulation of water waves
generated by the submarine Storegga Slides on the Norwegian continental slope. He
focused on the total water displacement and the shear stress acting between the slide
masses and the fluid. The slide was assumed to be a box with smoothed sides, and it’s
motion assumed to be a simple function of time and the displacement. The equations
were solved numerically by a finite difference technique. The wave run-up heights
generated by the Second Storgga Slides was computed on the basis of the numerical
model and the results were in remarkably good agreement in some locations. It was
concluded that the generated wave heights increased significantly with the acceleration of
the slide, and a slide with a smaller volume might easily cause higher waves than a bigger
one if the smalier slide had a sufficiently higher initial acceleration. Also, the analysis of
the effects of shear stress at the interface between the water and the slide body proved
that this effect must be included, except for run-up zones with gentle beach slopes. As
applying the numerical model, a correct estimate of the maximum slide velocity is

essential.

Harbitz et al. (1993) developed another similar three-dimensional numerical model
based on the hydrodynamic shallow water equation for numerical simulation of slide-
generated waves in fjords. The numerical model was used to simulate the slide
catastrophe in Tafjord, western Norway, 1934, and showed close agreement. As a result
of the numerical calculation, wave reflection and standing wave oscillations were

predicted due to the limited area of the fjords.

Heinrich (1992) set up a two-dimensional numerical model based on the program

Nasa-Vof2D to study the generation, propagation, and run-up on the shore of water
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waves created by landslides. The Nasa-Vof2D, is a nonlinear Eulerian code, which
solves the complete incompressible Navier-Stokes equations by a finite difference
method. An experimental study on nonlinear waves generated by a two-dimensional
triangular body sliding along a 45° inclined plane was conducted to examine the
numerical Nasa-Vof2D extension (referring to Fig.1 (e)). Two types of landslides, a
submarine landslide and an aerial landslide were studied. The computed wave profiles
showed very close agreement with the experimental ones, except when free-surface
turbulence occurs, which the numerical method cannot simulate. The advantages of this
numerical model also include the abilities of dealing with nonlinear wave propagation
and vertical deformation of channel bottom. A three-dimensional Nasa-Vof method
would be ideal to deal with more realistic problem, taking the attribution of turbulence

into account, yet is very complicated and extremely expensive computationally.
Two-dimensional or three-dimensional two-layer flow

Jiang and LeBlond (1992) studied the submarine landslide and the surface waves
that it generates. They presented a formulation of the dynamics of the problem, where
the landslide was treated as the laminar flow of an incompressible viscous fluid on a
gentle uniform slope and water motion was assumed irrotational (referring Fig.1(f)).
Long-wave approximation was adopted for both water waves and the mudslide and the
dispersion of waves was neglected. A finite-difference method was used to solve the
resulting differential equations. One-way coupling (bottom deformations affect the free
surface) and full coupling (surface pressure gradients react on the mud flow) are
considered with the behavior of the mud flow. The calculétions showed that three major
waves were generated. The first wave was a crest which propagated into deeper water,
followed by a trough which was a force wave propagating with the speed of the slide
front to deep water. The third wave was a small trough which propagated shoreward.
They found that two major parameters determined the interaction between the slide and
the waves: the density of sliding material and the depth of initiation of the mudslide.
They also concluded that the amplitudes of the waves depended primarily on the density
of mud, the initiation depth of the mudslide, the volume of the landslide, and the viscosity

of mud. The slide with larger density and volume, and smaller viscosity in shallower
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water generated larger waves. The ratio of the energy transfer from the slide to the waves
was found to have a maximum value at the beginning stage and decreased to 2-4% when
the waves propagated away from the slide site. This study was the first one that
addressed the details of underwater landslide dynamics reactively coupled to water wave

dynamics.

Later, Jiang and LeBlond (1993) presented another numerical model that simulates
the coupling of Bingham plastic mudslide on a gentle uniform slope with the surface
waves which it generates. The landslide was treated as an incompressible Bingham
plastic flow and the water motion was assumed irrotational. The long-wave
approximation was adopted for both water waves and the mudslide and the dispersion of
waves and potential turbulent mixing wee not considered. The resulting differential
equations were solved by a finite difference method. They found that three parameters
dominated the magnitude of the waves (with mud volume fixed): the density of mud, the
~ yield stress of the mud, and the depth of water at the mudslide site. It was concluded that
the Bingham plastic behavior of the mud significantly reduced the extent and the speed of
the mudslide and also the magnitude of the surface waves generated. The comparison of
the solution of the Bingham plastic mudslide model with a snow flow test was presented.
It is noted that if the yield stress of the mud is zero, the Bingham fluid model reduces to
the viscous fluid model, which is mentioned above. The evolution of the surface waves
generated by Bingham plastic slides is similar to that of the waves generated by a viscous
slide. The wave current speed and the wave amplitude, however, are much smaller. It is
noted that the underwater slide problem that were treated are two-dimensional and the

solution is only valid for a slide and waves on a gentle slope.

Jiang and LeBlond (1994) extended their numerical model into three-dimensions.
They assumed that the submarine slides behaved as a viscous fluid and applied the long-
wave approximation for both the water waves and the slide. The slide was assumed to
have parabolic surface with a rectangular bottom periphery initially. The numerical
results indicated that three-dimensional effects were important in the effectiveness of
tsunami generation. It is noted that no experimental data or field data was compared with

the numerical results.
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Rubino et al. (1994) studied the generation of tsunamis by mudslides and the near
and far-field wave propagation in a three-dimensional framework, based on a two-layer
shallow water model. The generation and initial stage of propagation was described
through a nonlinear, hydrostatic, turbulent, two-layer, shallow water model, with a local
deep layer representing the sliding sediments. The far-field propagation was simulated
by a non-hydrostatic, nonlinear, regularized Kadomtsev-Petviashvili model, which is able
to describe the evolution of long, nonlinear, weakly dispersive and weakly 3D waves.
They concluded that the phase dispersion effects were important in some realistic

circumstances, and thus could not be neglected.
Experimental work and other models

Eie et al. (1971) did some experiments modeling landslides in a reservoir behind
the Viddalsvatn rock fill dam, Aurland power plant, and rock slides into the lake
Ardalscvatn. The landslide was modeled by a solid mass in position attached to a string
which ran over two pulleys and carried an adjustable counterweight at the other end to
control the velocity of the slide. The results indicated that the wave heights attain a
maximum value for a certain slide velocity, and an increase in thickness of the slide
tended to increase the wave heights, even if the mass of the slide was unchanged. The
model results showed that slide form and the slide velocity were significant parameters.
Rockslide was modeled by a piece of concrete which was suddenly released and feel by

gravity into the water. No enough results were obtained to lead to conclusions.

Koutitas (1977) studied the water waves generated by landslides in a long channel,
and set up a one-dimensional numerical model using a Finite Element Method. The
numerical model was based on the classical St. Venant equations of unidirectional flow,
and the inclusion of the landslide effect was achieved by the introduction in the
continuity equation of a term describing the temporal variation of the cross section of the

conduit. The numerical model was not validated by any experimental work or field data.

Chaudhry et al. (1983) conducted a physical model and set up a mathematical
model to study the generation and propagation of waves created by hypothetical

movement of the 1.4 billion m® Downie slide into the Revelstoke reservoir, located on the



Chapter 1 Introduction 9

Columbia River, British Columbia, Canada. Two physical models were constructed
reproducing about 17 miles of reservoir and simulating the movement of the slide.
Because of the narrow width of the canyon, wave propagation becomes approximately
one-dimensional once the waves have traveled some distance down the reservoir.
Therefore, é mathematical model using an explicit finite difference method to
numerically integrate the one-dimensional Saint Venant Equations was used to simulate
the wave propagation of the waves in the reservoir about forty miles on either side of the
slide. Comparisons of the computed and measured water levels in the model showed

good agreement.

Watts (1998) studied water waves generated by unsteady motion of a submerged
object in two-dimensional cases. Underwater landslide was assumed to be governed only
by a characteristic distance and a characteristic time and characteristic wave amplitude
was obtained. A non-dimensional wavemaker curve of characteristic water wave
amplitude was constructed from the landslide length, the initial landslide submergence,
the incline angle measured from the horizontal, the characteristic distance of landslide
motion, and the characteristic duration of landslide motion. The wavemaker curve was
confirmed by two-dimensional experiments. The underwater landslide experiments were
conducted with a PVC solid block that had a horizontal top face and vertical front sliding
down a slope in a wave tank. Wavemaker data was obtained from experimental
measurements of the maximum near-field wave amplitude as well as solid block initial

acceleration and terminal velocity on a 45-degree incline.
Wavemaker Problems

Wavemaker problems have been studied extensively both theoretically and
numerically. Wavemaker problems have similar phenomena with landslide-generated
waves in terms of governing equation and boundary conditions. A slppe failure beneath a
vertical quay wall may introduce a horizontal movement of the quay wall. This
movement can be simulated as a horizontal moving panel, which is very similar to a

wavemaker problem, except that the panel movement is no longer periodic.
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Dean and Dalrymple (1984) gave close-form solution of a two-dimensional

wavemaker problem for both piston and flap type wavemaker motions.

Takayama (1984) studied a three-dimensional wavemaker problem in a wave basin.
A close-form solution was developed for the wave generation by a single wave panel and

the results were verified against experimental results.
Relevant studies based on Green’s function method and time-stepping method

Majority of numerical wave tank employ boundary integral equation method based on

Green’s theorem to determine the velocity potential of the flow field.

The boundary surfaces are discretized by boundary element method. The boundary
element method may be classified as constant panel method, linear boundary element
method, and higher-order boundary element method such as quadratic boundary element
method and cubic boundary element method. The constant panel method is the easiest in
formulation, but fails to model the intersections between the Dirichlet and Neumann
boundaries accurately. Higher-order boundary element method is more complicated in
formulation, but can be used to avoid the singularity caused by the constant panel method

at the intersections between the free surface and solid boundaries.

Time integration of the free surface conditions was performed by Longuet-Higgins
et al. (1976) using fourth-order Adam-Bashforth-Moulton predictor-corrector scheme and
fourth-order Runge-Kutta method. Many researchers have used the same technique
recently. Dommermuth er al. (1987 and 1988) studied the two methods and obtained
Courant condition for the fourth-order Runge-Kutta scheme and found week instability in

the fourth-order Adam-Bashforth-Moulton scheme.

Open boundary condition is another important issue in numerical wave tank
simulation. Radiation condition, damping beach, active absorber and some other
techniques have been employed. Some researchers have employed combinations of these

techniques.

Some recent representative works on numerical wave tank are listed below.
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Isaacson and Cheung (1991) developed a numerical method based on potential flow
theory for simulating transient, second-order interactions of ocean waves with large fixed
bodies of arbitrary shape in two and three dimensions. The flow potential to second order
was defined with respect to a time-independent boundary which included the still water
surface, and its solution involved a numerical discretization of an integral equation based
on Green’s function theorem. The free surface boundary condition and the radiation
condition were satisfied to the second order by a numerical integration to account for
transient effects. Applications of the method were made to studies of regular wave
diffraction around a fully submerged and a semi-piercing circular cylinder in three
dimensions. The stability and numerical accuracy of the proposed solution and the
treatment of the radiation condition to second order were examined. Comparisons of
computed wave forces and runup were made with previous theoretical and experimental

results and they indicated favorable agreement.

Isaacson ef al. (1993) developed a numerical method on the study of transient,
nonlinear wave propagation in a laboratory. The nonlinear free surface boundary
conditions and the wave generator boundary condition are expanded about the
corresponding equilibrium positions by perturbation expansions. The Sommerfeld
radiation condition applied on the downwave control surface is modified to incorporate a
time-dependent celerity to account for transient effects. The boundary conditions are
then satisfied to second order by a method based on Green’s theorem. A series of
laboratory tests have been performed to verify the numerical model. The case of
irregular wave packet was also studied. The experimental results of the free surface
elevations obtained at twelve different locations along the flume were compared with the

corresponding numerical predictions and favorable agreement was indicated.

Boo-et al. (1995, 1996) studied nonlinear diffraction of a vertical cylinder problem
in a three-dimensional numerical wave tank. The numerical wave tank was modeled
using a quadratic element method. A discontinuous element technique was employed at
the intersections between water surface and solid boundaries. Open boundary condition
was treated by introducing an artificial damping and potential stretching technique. The

fourth-order Adam-Bashforth and Adam-Moulton scheme was employed in time
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integration. The open boundary condition was tested by simulating an Airy wave for

long duration and proven to be effective.

Skourup et al. (1996, 1998) proposed an active absorption in a numerical wave
tank. The same techniques by Isaacson and Cheung (1991) were used to develop the
second-order wave tank using perturbation series and Taylor expansion. A fourth-order
Adam-Bashforth method and a fourth-order Adam-Moulton method were used in time
domain integration. Active wave absorption was proposed based on using an array of
independently controlled two-dimensional wavemakers along the lateral boundary as

active wave absorbers. Some numerical examples were presented.

1.3 Objectives

Most of the previous studies on landslide-generated waves have been found to be either
algebraically complicated or numerically expensive. Due to the variation of landslide
geometry and movement, the problem becomes sophisticated and theoretical solutions
become extremely difficult to obtain. On the other hand, numerical methods, such as the
Finite Element, Finite Difference, and Boundary Element Methods, have been
successfully applied to many complicated boundary value problems. Some researchers
have applied a Finite Difference Method (such as the VOF method) and Finite Element
Method to solve the Navier-Stokes equations. However, Finite Difference and Finite
Element Methods are expensive computationally in solving three-dimensional problems
hence are mostly applied to two-dimensional problems. The Boundary Element Method,
with discretization applied only to the surfaces, has the advantage of less computational

effort when a basic function is available for the governing equations.

The primary aim of the present investigation is to study landslide-generated waves
using a Bouhdary Element Method based on a Green’s function method in conjunction
with a time-stepping procedure, along the lines proposed by Isaacson et al. (1994). The
boundary value problem includes a boundary condition at the landslide surface that
accounts for wave generation, a radiation condition in the far field that accounts for open
water, and free surface boundary conditions that account for wave propagation. The

latter are applied to a time-stepping procedure. Linear waves and a constant water depth
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are assumed. Although the present method can be applied to various landslide
configurations, only vertical wall with horizontal movement is to be explored in the
present study. Thus, although the general numerical method has been developed
previously in the context of other hydrodynamic problems, such as wave interactions
with fixed and floating structures, the extension of the method to the case of landslide-

generated waves and the associated findings are considered to be new contributions.

The nuinerical models for both two-dimensional and three-dimensional cases are to
be set up for the simplified landslide configurations and to be validated against a number
of theoretical and experimental results. A number of numerical simulations are to be
performed to study the characteristics of landslide-generated waves. Based on the
numerical simulation results, parametric engineering curves are to be developed to
estimate order-of-magnitude wave heights for the first time. Numerical simulation results
are expected to supply wave inputs for other numerical wave models that account for
wave diffraction, refraction and shoaling so as to estimate wave propagation away from
the landslide site. Finally, the method developed in this thesis may be extended in the
future to account for non-linear waves, various landslide movements, water domains with

arbitrary boundaries and various other scenarios.
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CHAPTER 2 THEORETICAL FORMULATION

The problem of landslide-generated waves becomes complicated largely due to the
uncertainty of the movement of landslide as well as the difficulty in determination of the
instantaneous free surface boundary conditions, especially when the nonlinear component
of wave height becomes significant, mostly in shallow water cases. Simplifications are
often made to resolve these problems in simulating the movement of landslides and the
free surface. In the present study, the problem of landslide-generated waves is simplified
into a horizontal moving wall in a water tank. The following sections describe the

theoretical formulation of both three-dimensional and two-dimensional cases.

2.1 Three-dimensional problem

The landslide is treated as a block of mass moving down a slope into a three-dimensional
wave tank of constant depth. A definition sketch of the problem is shown in Figs. 2 and
3. A Cartesian coordinate system (X, y, z) is defined with x measured in the direction of
wall movement, y measured perpendicular to x in a horizontal plane, and z measured

upwards from the tank bottom.

2.1.1 Governing equations

Let t denote time and n the free surface elevation above the still water level. The tank
bottom is assumed impermeable and horizontal. With the fluid assumed incompressible
and Vinviscid, and the flow irrotational, the fluid motion can be described by a velocity
potential ¢(x, y, z, t) which satisfies the Laplace equation within the fluid domain at any

time t;

Vip=0 at any time t 2.1

The potential ¢ is subject to boundary conditions on the impermeable tank bottom Sy, the

moving slide surface Sy, the still slope surface S; surrounding the slide surface, and the

free surface Sy, which are given respectively as (again, at any time t):
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%:0 onSb(z=0) 2.2)
Op_on_0¢om_0oon _ -

o2 ot Bxax oy oy 0 onSs(z=d+n) (2.3)
oo 1 2

5t—+gn+5|v¢| = onS¢(z=d+m) 2. 4)
gx_d’ ~0 on S (|y] > b/2) 2.5)
gn_‘i’ ~V. (1) on S, (Jy] <b/2) (2.6)

where d is water depth; b is the width of landslide; g is the acceleration due to gravity;
a(t) is the horizontal displacement of the landslide; V,(t) is the normal component of the
landslide velocity V(t); and n is the distance in the direction of the unit normal vector

which is directed outward from the fluid region.

Equations 2.2 and 2.5 correspond respectively to the kinematic boundary conditions
on the impermeable tank bottom and the still wall surface where the normal fluid velocity
component vanishes. Equation 2.3 is the kinematic free surface boundary condition
requiring that the fluid particle velocity normal to the free surface is equal to the velocity
of the free surface itself in that direction. Equation 2.4 is the dynamic free surface
boundary condition stating that the pressure at the free surface expressed in terms of the
Bernoulli equation is equal to the atmospheric pressure with neglecting the effects of
surface tension. In the present application, the atmospheric pressure can be set to zero
without inducing any loss of generality. Equation 2.6 is the kinematic boundary
condition on the moving wall surface where the normal fluid velocity component is equal

to the horizontal wall velocity.

In addition, the boundary condition in the far field from the landslide has to be
defined. Here, the Sommerfeld radiation condition, originally derived on the basis of
spatially and temporally periodic conditions of a potential function to account for
unsteady wave motions, is applied in the far field. In the time domain, the Sommerfeld

radiation condition for the wave potential is given by:
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ﬁ(%+c%)=0 as r — o 2.7

where c is the celerity of the waves and r is radial distance measured from the moving

wall. This has been modified by Orlanski (1976) so as to apply on a control surface S,

located at a finite distance form the moving wall. The term +r is no longer necessary,
and the condition is applied in the direction normal to the control surface:

—Q?+c @=0

Pl on S, (2. 8)
where ¢, is the time-dependent celerity of the scattered waves on the control surface S, in

the direction of the normal n.

2.1.2. Linear problem

The major difficulties in solving the problem described in the previous section arise
primarily from the poorly defined radiation condition involving transient waves and from
the two nonlinear free surface boundary conditions applied on the instantaneous free

surface which itself is unknown a priori.

Considering linear waves only, the nonlinear terms in the boundary conditions on
the free water surface are neglected. To further simplify the problem, assuming the wave
height is moderate and the water depth is large compared with a typical wave length, the
free water surface boundary conditions are applied to the still water surface. Thus Egs.

2.3 and 2.4 are simplified as:

?_%:o on S, (z=d) 2.9
z
%td_)+gn=0 | on S, (z=d) (2. 10)

Also, the slide is further simplified as a vertical wall, and it is assumed that the
displacement of the moving wall is small compared with the typical water depth. The
boundary condition on the moving wall is then evaluated on the original still wall surface

(see Figs. 4 and 5), thus Eq.2.6 becomes:
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% _v <b/2) | @.11)
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2.1.3 Green’s function method

A well-posed boundary value problem at a time t has been set up with Egs. 2.1, 2.2, 2.5,
2.8,2.9,2.10 and 2.11. A boundary integral method involving a Green’s function may be
used to solve the boundary value problem at the fixed time t. Since the potential ¢ is a
harmonic function, the second form of Green’s theorem may be applied over a closed
boundary containing a fluid region, relating the values of ¢ and its normal derivative

0p/on along the boundary. The potential ¢(X) at a point X(x, y, z) on the surface S is

expressed as:

¢(X)——-I[ X, X)22(x')- ¢(X’)Z—f(x,X')}ds @ 12)

Here X' represents a point (&,\p,g) on the surface S over which the integration is
performed, and n is measured from the point X'(i,\u,g). For X located inside the
boundary, the factor 1/2n is simply replaced by 1/4x. G(X,X’) is a Green’s function
which can be interpreted as the potential at any field point X(x,y, z) due to a source of

unit strength at X’(&, W,C) and which satisfies the Laplace equation in the domain except

at the point X(x,y,z)=X'(&,y.%):
V2G(X,X') = 8(x - £)o(y - w)s(z - &) in D 2. 13)
where d is a dirac-delta function. The solution to Eq. 2.13 is as follows: |

G(X,X") =1 o (2. 14)
r

where r is the distance between points X(x,y,z) and X'(E,v,).

In the present problem, the surface S would comprise of the still wall surface S;, the
moving wall surface Sy, (x = 0), the still water surface S,, the control surface S, and the

tank bottom Sy, as indicated in Figs. 4 and 5. However, with the moving wall and
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subsequently the wave field symmetric about the x-z plane and the horizontal tank
bottom, it is more efficient to simulate one half of the total surface with tank bottom
excluded from S and to choose a Green’s function that accounts for the double symmetry

about the x-z plane and the tank bottom. Thus the Green’s function can be written as:
4 1 -
G(X,X)=> — 2. 15)
k=1 Ty
where 1y is the distance between the points X and X| . The source points X are defined
such that X| =(£,y,&) is a point on S; X, = (6,~w,() is the image of X! about the x
axis; X} = (§,~y,—¢) is the image of X/, about the tank bottom; and X/, = (&,y,-¢) is

the image of X| about the tank bottom. Thus, ri is given by:

(S RS Y . 2. 16)
= [E-xP +(y+y) +-20]" @.17)
f=[E-x) + (4 y) + e 2p]” @. 18)
ro=[E-xP +u-yP + @2 2.19)

Thus Eq. 2.12 actually represents an integration of the surfaces in the four quadrants of

the doubly symmetric geometry.

2.2 Two-dimensional problem

A simplification to the formulation described above may readily be adopted to treat the
corresponding two-dimensional problem in the x-z plane with all boundary conditions

remain unmodified (see Fig. 5).

In adapting the method used here, the surface integral equation deriving from
Green’s theorem reduces to a line-integral equation in which the influence of the co-
ordinate y is absent. When X is located on a smooth part of the boundary, the integral

equation for the potential is then given as:
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J{G(X, X')%(X') - ¢(X’)g—f(X,X’)]dS (2. 20)

S

o) =-—

Here X' represents a point (@,Q) on the surface S over which the integration is

performed, and n is measured from the point X'. For X located inside the boundary, the

factor —1/7 is simply replaced by —1/2x.
The Green’s function for two-dimensional problems is expressed as:

G(X,X') = In(r) 2.21)

In the present context the surface S would comprise of the still body surface S;
below the still water level, the still water surface S,, the control surface S, surrounding
the water domain and the tank bottom. However, because of the assumption of a
horizontal tank bottom, the tank bottom can be excluded from S and a Green’s function
can be chosen to account for the symmetry about the tank bottom. Such a Green’s

function can be expressed as:

G(X,X')= iln(rk) (2.22)

where r¢ is the distance between the points X and X’. The source points X' are defined
such that X =(£,£) is a point on S; X, = (2,~¢) is the image of X! about the tank

bottom. Thus r; is given by:

R (T e () 2.23)
r=[E-x) + @ +2]" (2.24)

The integral equation 2.20 actually represents an integration of the surface S and its

image about the tank bottom.

2.3 Time integration and initial conditions

In the preceding formulation, the boundary conditions are defined on the still wall

surface, the control surface and the still water surface, and the solution is expressed in
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terms of an integral equation relating the velocity potential and its normal derivative on
the boundary. For a boundary value problem in this case, if either the velocity potential
or its normal derivative on each portion of the boundary is known, the solution to the
integral equation can therefore be obtained by a numerical procedure from which the

remaining unknowns can be evaluated.

In the present application, the normal derivative of the velocity potential on the wall
surface is known and given by Eqs. 2.5 and 2.11. The normal derivative of the velocity
potential on the control surface is given in the radiation condition, Eq. 2.8. However, this
normal derivative depends on the temporal derivative of velocity potential on the control
surface, which is unknown before the solution is obtained. Also, the normal derivative of
the velocity potential given in the kinematic free surface boundary condition, Eq. 2.9,
depends on a temporal derivative which is unknown a priori. On the other hand, the
velocity potential on the control surface and the still wave surface at an advanced time
can be evaluated by a time-integration of the temporal terms respectively in the radiation
condition, Eq. 2.8, and the dynamic free surface boundary condition, Eq. 2.10. With the
flow field know at time t, the velocity potential on the control surface and the still water

surface at an advanced time (t + At) is given by:

ot + At) = o(t) + Hj t%tdidt on S and S, (2.25)

t

in which 8¢/ét is evaluated from the corresponding boundary condition on S, or S,, Egs.

2.8 and 2.10. According to Eq. 2.10, the time-integration of the wave potential on the
still water surface requires knowledge of the free surface elevation, which can be
obtained by a time-integration of the kinematic free surface boundary condition, Eq. 2.9.

Likewise the free surface elevation at an advanced time (t + At) is given by:

n(t+At)=n(t)+ Hj t% on S, (2. 26)

in which 0n/ét is evaluated from the kinematic free surface boundary condition.
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Initial conditions are needed to carry out the computation. At time t = 0, the flow
field is known to be still, i.e., the velocity potential and the first derivative of the potential
are zero throughout the field, so as the free surface elevation. For t = At, the moviﬁg wall
boundary condition, i.e. the derivative of the velocity potential on Sy, is introduced, and
thus the Green’s function method (Eq. 2.12) is applied to solve for ¢ on the wall

boundary and d¢/on on both the water surface and the control surface. Then the velocity

potential on the water surface at time t = At is obtained by the water surface boundary
conditions, Egs. 2.9 and 2.10, and the time-integration of the flow parameters in Egs.
2.25 and 2.26. At the same time, the velocity potential on the control surface is
numerically computed in Eq. 2.8. The velocity potential on the water surface and the
control surface, together with the known moving wall boundary condition and the still
wall boundary condition, i.e. the normal derivative of the potential (or wall velocity) at
time t = At, will provide the boundary conditions at the water surface for the new
application of Green’s function on the flow field at an advanced time t = 2At. The

simulation is continued as the waves generated by the moving wall grow up.

2.4 Landslide movement

For the purpose of simplification, the displacement and velocity of the horizontal-moving

wall are assumed to follow a half-sinusoidal curve and satisfy the following equations:

a))=15 0 —(c)oS(cot)] (((t) i ; /Sz;'/ 2) .27
V(t) _ a—o(x)sin(cot) (0 st< T/Z) (2.28)
2 (t>T/2) '

where a, is the landslide displacement amplitude, ©=2n/T is the angular wave
frequency, and T/2 is the duration of the landslide. By changing the values of a, and T,

various combinations of displacement and duration of landslides can be simulated. Also,
piston-type wavemaker problems can be simulated by implementing a periodic vertical

wall movement with a wavemaker amplitude a, /2 (stroke of a,) and a wave period T.

o
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2.5 Sponge layer damping technique in wavemaker problems

Problems of landslide-generated waves are very close to wavemaker problems.
Wavemaker problems are studied in detail in this thesis for verification purposes.
Numerical simulation of wavemaker problems, often referenced as Numerical Wave
Tank (NWT), has been widely studied in recent years. Some key issues in the numerical
simulation, such as discretization schemes, boundary element method, time-stepping
integration, radiation (open) boundary, absorbing beach or sponge layer technique, etc.

have been comprehensively studied and discussed (Kim, 1995 and Kim ef al. 1999).

The treatment of the open boundary has been one of the great interests. Many
NWT studies indicate that the use of the Sommerfeld / Orlanski scheme at the open
boundary induces wave reflection. This is mainly due to the numerical error in numerical
evaluation of the wave celerity. Apart from numerical Sommerfeld / Orlanski scheme on
the radiation condition, various numerical absorbing beach techniques have been
proi)osed and studied. These numerical beach techniques include sponge layer technique
(Cointe et al., 1990, Boo andv Kim, 1995), active wave absorber technique (Skourup,
1996). In this study, the sponge layer damping technique combined with Sommerfeld /
Orlanski scheme are implemented in the wavemaker numerical models. The concept and

theoretical development of the sponge layer damping technique are described below.

As shown in Figs. 6 and 7, a sponge layer is placed in the longitudinal end as well
as the lateral end of the wave tank in order to partially absorb the waves. The linearized

dynamic free surface condition on the sponge layer can be written as:

%%_.{.gn-{-u(X)(l):O XOSXSXO'*'Ld (2.29)

where pu(X) is the damping parameter, expressed as:

2
p(X)=adm(%—Bd) X, <X<X,+L, (2.30)
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where oy and Bq4 are tuning factors, @ = 2n/T is the circular wave frequency, L is the
wave length, and L, =B,L is the sponge layer length denoted as Ly and Ly in x and y

directions respectively, and Xo = (Xp, Ys) is the coordinate of inner boundary of the

sponge layer on the z =d plane.

The principle of the sponge layer is to absorb the incident wave energy before it can
reach the open-end control surface. As discussed by Kim er al (1999), if the absorption is
too weak, part of the incident energy will reach the control surface and be reflected.
Inversely, if the absorption is too strong, the sponge layer itsélf will reflect part of the
energy. Some NWT studies (Boo and Kim, 1994, 1995, 1996) show that a =1 and p =1
in Eq. 2.30 with a sponge layer length of one wave length absorbs reasonably well over a

large range of frequencies. In this study, a =1, =1 and L, = L are adopted.

Eq. 2.29 can be re-written as follows:

%?gn_u(x)q) X, <X <X, +L, @.31)

where n(X) is simplified as:

2
X-X
u(X)zco( - °J X, <X<X,+L, (2.32)

This sponge layer damping technique is implemented in both two-dimensional and
three-dimensional numerical models of wavemaker problems. The numerical results and

the comparison with theoretical solutions are described in the following sections.

In simulating the problems of landslide-generated waves, as the numerical error
induced by the Sommerfeld / Orlanski radiation condition due to wave reflection at the
control surface occurs only when wave crest/trough passes the control surface, thus the
error can be évoided by limiting the simulating time so that the leading wave crest stays
within the computation domain. Without a sponge layer damping technique, it is possible
to maintain an as-large-as-possible wave domain, as‘computation in three-dimension is

extremely expensive on computer resources and very time-consuming.
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CHAPTER 3 NUMERICAL FORMULATION

In Chapter 2, the field solution at a time instant is expressed in term of an integral
equation relating the potential and its normal derivative on the boundary. In practical
engineering applications, the direct solution to the integral over the boundary is difficult
to obtain. Instead, a numerical method can be applied. In the numerical method, the
boundary is discretized into a series of facets over which the potential and its normal
derivative are assumed to vary according to an interpolation function. The integrals over
each facet are then evaluated by a numerical integration in terms of the potential and its
normal derivative at a number of nodes where the boundary condition are applied. The
application of the discretized equation to all the nodes in turn gives rise to a system of
linear algebraic equations from which a numerical solution can be obfained. Then a time-
difference method can be used to solve the integral equation involving the time-integral

of boundary conditions.

3.1 Field solution

3.1.1 Three-dimensional problem

The surface S in Eq. 2.12 over which the integration is performed comprises of the slope
surface S, the moving wall surface S, the still water surface S,, and the control surface

Sc. All these surfaces are discretized into finite numbers of planar quadrilateral facets as

shown in Fig. 8. The corresponding values of ¢ and 0¢/on are then taken as constants

over each facet and applied at the facet centroid. Eq. 2.12 becomes:
1 &|0¢ N r0G ,
X )=—) | —IX") | GIX,,X") dS—¢|X" ) } —(X.,X" ) dS
o) 51 2205 o, ) as-4c) [ 22, ) |
i=12,...,N) G. 1

in which i and j are the indices associated with X and X' respectively; m is the total

number of facets in the formulation; and AS; is the area of the j-th facet.
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As G(Xi,Xg) is expressed in Eq. 2.15, to solve Eq. 3.1, the relationship between r

and Or/on needs to be studied. This can be expressed as:

o _ T (3.2)

where (X’J - Xi) denotes the distance between the points X’j and X;; and n ; denotes the

normal vector of the boundary at the point X'. Therefore,

aG(Xl,X')= i(lek i)'—’

an k=1

(3. 3)

Assume the number of facets on the wall surface, the still water surface, and the
control surface is my, m,, and m, reépectively. It’s understood that the integration
performed on the surfaces is in the order of S, Sw, S, and S, as the indices i and j increase
from 1 to m. Substitute Eqs. 3.2 and 3.3 into Eq. 3.1, re-arrange terms so that unknown
values of ¢ and 8¢/on are put at the left-hand-side, the following equation can be

obtained for rectangular facets:

m

Z o)+ 3 B, 22x)=-3 B, )~ 31a,0(x)) (.4)

j=my+l1 j=1 j=my +1

in which the coefficients Bjj and Aj; respectively correspond to integrals of the Green's
function and its normal derivative over area of the j-th facet as in Eq. 3.1. When i =], the
coefficients are evaluated by a closed form integration and when i # j, the integration
may be preformed by a numerical integration whereas in this study, the commonly used

Gaussian integration is implemented. The coefficients Aj and Bj are thereby

approximated by:
SRR (X,kan X. ) ﬁjk
ZZZdet(I)wmwn 3 (1 ¢J)
k=1 m=1 n=1 rkmn
A. =1 (3.5)

f2n+iiidet(J)wmwn (X;k"'" _Xi).ﬁjk (i = j)

L k=2 m=1 n=1 rkmn




Chapter 3 Numerical Formulation 26

4 M M
ZZZdet(J)w W, — (i#j)
k=1 m=1 n=l Lemn
Bij =9 (3 6)
4 M M 1 )
Fl + ZZZdet(J)WmWn T (1 = J)
k=2 m=l n=l L

where m and n are the indices of Gauss points in the k-th image of the j-th facet; M is the
number of Gauss points to be used in the numerical integration in one direction; and wi,
and w, are the weight functions at each of the Gauss points. The term J is known as the
Jacobian matrix which relates the global and local coordinate systems of a facet in the
numerical infegration. The determinant of the Jacobian matrix, det(J), is evaluated at the

location of each Gauss points. For a quadrilateral facet, the Jacobian matrix is given by:

(3.7)

M- 1
Bﬂ%_%\%

in which N; is the shape function relating the global and local coordinate system of a

facet and is defined as:

N&=%@—ﬂ0—® 3.8)
N2=§0+m@—@ 3.9)
N, .%@+@@+@ (3. 10)
N, = (1-p)i+a) G. 11)

where p and q are local coordinates of a square with the origin at the centroid and a

lateral length of unit 2. For a rectangular facet, det(J) is constant and is equal to AS;/4.

The term I in Eq. 3.6 represents the integration of the Green’s function over the

area of the i-th facet when i = j, and is expressed as:
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T, = jl ds (i=1,...,m) (3.12)
s8I

In principle, a Gaussian integration can consistently be applied to evaluate Eq. 3.12.
However, the numerical integration is inaccurate near the singular point r = 0 and a
substantial number of Gauss points are required to yield satisfactory results. On the other
hand, a closed form solution of the integral for any polygonal facet shape has been given
by Hogben & Standing (1974) and is adopted here. For a quadrilateral facet with vertices
at (p1, q1), ..., (P4, qa4) in a local coordinate system (p, q) and each making angles 8, ...,

05 (81 = 0 and 65 = 2) in turn with the p-axis at the origin, I is given as:

% |:1n| Pcos(6/2)+ Qsin(6/2)-R cos(9/2)|Tm 613

|Pcos(6/2)+ Qsin(6/2) + R cos(6/2) |,
. . 2 2 \/2
in which P=p,,, -p,, Q=q,,, -q,,» W=p,,,9, —Pq,,, and R:(P +Q ) .
When this boundary value problem is being solved for Laplace equation, each

boundary facet has two variables, potential ¢ and its normal derivative 6¢/én, and one of
these two variables is always given with the other unknown. In our case, 8/dn on the
wall surface is known as either 0 or V(t); ¢ on the still water surface and the control
surface is known or can be solved by time integration. To solve for ¢ on the wall surface
and 0¢/on on the still water surface and control surface, assuming the total facet number

is m, m equations can be written in the format of Eq. 3.4 with each corresponding one

facet. Thus m variables of ¢ and 8¢/dn can be solved.

It is noted that, with the linear wave assumption, the free surface boundary
conditions are applied at the still water surface where the discretization is made. Since
the matrix coefficients Ajj and B;j in Eq. 3.4 are dependent only on the facet coordinates,
as shown in Egs. 3.5 and 3.6, Ajj and Bjj remain constant throughout the time-stepping
procedure. Thus LU factorization can be performed initially on the matrix, and the

resulting LU coefficient matrix can be stored and used to solve the linear system, which



Chapter 3 Numerical Formulation 28

implies that much less effort is needed in solving the matrix equation in the time-stepping

procedure.

3.1.2 Two-dimensional problem

The integral equation (2.20) for the two-dimensional problem is solved by a similar
numerical procedure in which the boundaries Sw, Sc, and S, are discretized into finite
numbers of facets made up of straight-line segments, as shown in Fig. 9. The

corresponding values of ¢ and 8¢/dn are then taken as constants over each facet and

applied at the facet center. The numerical discretization gives rise to the same system of
equations as in Eq. 3.4 but the coefficients Ay and By are evaluated by different
expressions on account of the different integral equation and Green’s function that are

now applicable. These are now given as:

2 M X' —-X.)n.
ZZdet(J)w (X 2‘) il (i=3)
=1 m=1 rkm
.=4. .
A . (X,. _X.)'ﬁ. (3.14)
n—ZZdet(J)wm Jkan 2' k (i:j)
L k=1 m=1 O
([ 2 M
> > det(Dw,, In(r,,) (i=j)
k=1 m=1
B, = (3. 15)
M
[ + ) detT)w,, In(r,,, ) (i=3)
\ m=1

where m is the index of the Gauss points in the k-th image of the j-th segment; M is the
number of Gauss points used in the numerical integration; and wy, is the weight function
at each of the Gauss points. The determinant of the Jacobian, det(J), is simply ASy/2 for

facets make up of straight-line segments.

The term I in Eq. 3.15 represents the integration of the Green’s function over the

length of the i-th segment when i =j and k = 1, and is given by a closed form integration

as:
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AS;/2
T, = j1n|r|dr=Asi[1n(A—2SL)—1] i=1,..,N) (3. 16)

-AS;/2

3.2 Temporal solution

As described in Chapter 2, a time integration of boundary conditions is performed on the
still water surface and the control surface to provide proper boundary conditions for the
application of Green’s function on the flow field at an advanced time. The numerical

procedures are discussed in details in below.

3.2.1 Free surface boundary conditions

The free surface boundary conditions are used in a time-stepping procedure to provide
free surface elevation and velocity potential on the still water surface at each time step.
Various time-stepping equations are available. One of the procedures, the Adam-
Bashforth-Moulton method, has been successfully implemented by Isaacson and Cheung
(1991) in their study on time-domain solution for second-order wave diffraction
problems. As a simple and reliable procedure, the Adam-Bashforth-Moulton method is
adopted in this thesis. The method also has the advantage of providing an optional

iteration scheme to account more accurately for the rapid variation of the solution in time.

Initially, the free surface elevation at new time (t + At) is first evaluated in terms of

the know solution up to time (t — At) by the second-order Adam-Bashforth equation as:

n(t+At)= n(t)+§[3(@l -(@)‘_J (3.17)

ot ot

where On/ot can be obtained by the kinematic free surface boundary condition Eq. 2.9.
The dynamic free surface boundary condition, Eq. 2.10 for landslide problems or Eq.
2.31 for wavemaker problems with a sponge layer, can now be used to provide 8¢/ot at
(t + At). In turn the potential ¢ may then be obtained by the first-order Adam-Moulton

equation:

¢(t+At) = ¢(t)+%[(a—¢jt +(a—¢j”m] 3.18)

ot ot
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With the normal derivative of the potential on S; and S,, known from the boundary
conditions on the wall surface Egs. 2.5 and 2.11, and the potential on S, and S, evaluated
from the time-stepping equations, the flow in the domain at the advanced time (t + At)
can now be solved from the discretized boundary integral equation 3.17. The output

vector provides 0¢/0n on S, at (t + At). The kinematic free surface boundary condition,

Eq. 2.9, can now be used to provide the corresponding values of on/dt at the advanced

time (t + At).

This completes an initial calculation of all the boundary parameters at time (t + At)

and the computation can then proceed to the next time step.

3.2.2 Radiation condition

In order to simulate a sufficiently long duration in a reasonably sized domain, the
application of the Sommerfeld radiation condition on the control surface requires

particular consideration.

When the control surface is locatéd at a sufficiently far distance from the
wavemaker, the Sommerfeld radiation condition (Eq. 2.8) can be rewritten in term of the
normal derivative of the potential and applied on the control surface. A numerical
scheme of Sommerfeld radiation condition proposed by Orlanski (1976) has been widely

adopted and is described as followings.

In order to develop a numerical solution, Eq. 2.8 is expanded by a central difference

in time and a leap-frog difference in space:

O(X, t+ At)— ¢(X,t — At) L S
2At AX

{% [6(X,t + At) - o(X, t - At)] - o(X - ﬁAn,t)} -0
(3. 19)

where X is a point on the control surface; At is a time step size; An is a small distance of
the order of a characteristic facet length; and 1 is the normal vector at X. From Eq. 3.19,
the potential on the control surface at an advance time (t + At) can be expressed in terms

of the solutions obtained at previous time-steps:
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B 2B,

1-B, .
¢(X,t+At)=l—+B?¢(X,t—At)+1+ 0¢(X—nAn,t) (3. 20)
in which
At
Bo —(—A—n)Cn (3 21)

where [, is the Courant number on the control surface which should be maintained at less
than one for stability reasons. Literally, the boundary values of ¢ is extrapolated in time
and space from the values of ¢ near the boundary inside the domain at previous time

steps through the knowledge of the celerity c,, which is evaluated on the control surface

at time t.

The celerity ¢, on the control surfaces at a time t is approximated by its value at the
previous time step at locations (X ~fiAn) which are just within the control surfaces. This

is done on the basis of:

__o¢/a

c, = 50,/ ox at (X —fiAn) and (t - At) (3.22)

The numerical value of ¢, at (X —fiAn) and (t — At) is given by:

¢ = _(Anj[ 8(X - fiAn, t) - (X — fidn, t - 2At)

At ) $(X —An, t)+ §(X - BA, t - 24t)— 2¢(X — 2An, t - At):| (3-23)

In evaluation of celerity c,, potentials within the boundary ¢(X—fiAn) and
¢(X - 2ﬁAn) are needed. For three-dimensional problems, these can be obtained by the

following boundary integral equations after the boundary value problem is solved by Eq.
3.1:

J—[G(X,X’)—g:i(X’)— ¢(X’)%nq(X,X’)}dS (3.24)

S

o) =+

O
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As all the surfaces are digitized into finite numbers of planar quadrilateral facets
and the corresponding values of are taken as constants over each facet and applied at the

facet centroid, Eq. 3.24 can be numerically represented as:

1 1 < I L a 1
¢(Xi’Xj)=E[ZAiJ¢(Xj)+ZBU_¢(Xj) (.25
=1 =1
where Ay and B;; are defined in Eq. 3.5 and Eq. 3.6 (i # j). Note in Eq. 3.25, boundary
values ¢(X;) and Zn—d)(X;) are either defined by boundary conditions or obtained by

solving Eq.3.2.

For two-dimensional problems, the boundary integral equation and the numerical

representation are as follows,

oL 128 () — o(x) 25 (x

$(X)=-— SJ{G(x,X)an(X) $(X') an(x,X)}!S (3.26)
' —_— 1 o~ ’ < @ 2

o, X)) = —M{;A;ﬁ(xj)g%an(xj)] (3.27)

where Ajj and By are defined in Eq. 3.14 and Eq. 3.15 (i=j).

- There is a numerical difficulty in using Eq. 3.23 in that both 8¢/6t and 89/dx are
zero at locations where =0 and Eq. 3.23 becomes undefined. Even at locations near

zero-crossing points the numerical values of ¢, calculated by Eq. 3.23 are inaccurate. In
order to overcome these numerical difficulties, the following numerical scheme was

proposed by Isaacson and Cheung (1991) and is adopted. When the absolute values of
d¢/0x are less than a certain prescribed value related to the chosen computational
precision, ¢, = 0 is used because ¢ changes very little in one time step on account of
dp/ot being small. The Courant number on the control surface given by Eq. 3.21 is

maintained at less than one for stability reasons. The maximum value of the celerity
calculated by Eq. 3.23 is then limited to have a maximum value of Ax/At. Thus, the

numerical values of ¢, are given by:



Chapter 3 Numerical Formulation 33

c, =0 for ¢, <0, or when 0¢/6t and 6¢/0x are small (3. 28)
c, =ch for 0 <c! < Ax/At (3.29)
c, = Ax/At for ¢!, > Ax/At (3.30)

where c/, is the initially calculated value of the celerity from Eq. 3.23.

Although the above numerical scheme was originally developed for hyperbolic
flows, its application in parabolic problems has been shown to be effective by Han et al.

(1983) and Isaacson and Cheung (1991).
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CHAPTER 4 VALIDATION OF NUMERICAL MODELS

Numerical models were setup based on the theoretical development and the numerical
formulation described in Chapters 2 and 3. In order to validate the numerical models,
numerical simulations were carried out on piston-type wavemaker problems as well as
landslide problems. In simulating piston-type wavemaker problems, sinusoidal periodic
horizontal wall movement in a rectangular water tank was introduced. A sponge layer
damping technique is applied to the water surface in areas adjacent to the control surface
to absorb wave energy and reduce reflections. The numerical results in two-dimensional
cases are compared with the steady state theoretical solutions, and the numerical results
in three-dimensional cases are compared with theoretical solutions as well as
experimental results developed and obtained by Takayama (1984). Two-dimensional
landslide problems were also simulated using the numerical models and the results were
compared with the theoretical solutions derived by Noda (1970). In all the validation
cases, numerical results agree well with theoretical/experimental results. These are

described and discussed in the following sections.

4.1 Two-dimensional wavemaker problem -

Two-dimensional piston-type wavemaker problem was studied. The theoretical solution
presented by Dean (1985), the numerical results in testing runs using the numerical
models developed in this thesis, and their comparisons are described and discussed in the

following sections.

4.1.1 Theoretical solution

The theoretical solution for a piston-type two-dimensional wavemaker problem was
obtained by Havelock in solving a boundary value problem. The definition sketch of the
problem is the same as shown in Fig. 7 in two-dimensional scenario. This solution was

presented by Dean (1985) and is summarized below.

The wave elevation generated by a two-dimensional piston-type wavemaker far

from the wave paddle is given by:
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B _ao(cosh2kd—1) B
M= imnkd s zka O -1

where m is wave elevation; ayis wave paddle displacement magnitude (stroke);

o =2n/T is circular frequency; T is wave period; k = 2n/L is wave number; L is wave
length; and d is water depth. The relative wave height, defined as the ratio of wave

height and wave paddle displacement magnitude H/a,, is given by:

H _ 2(cosh2kd -1)
a, sinh2kd+2kd

(4.2)

4.1.2 Numerical results and comparisons

The numerical formulation described in Chapter 3 was coded and utilized to simulate
piston-type wavemaker problems by applying a periodic movement to the wave paddle.
Similarly, the wave paddle boundary, the free surface boundary including a sponge layer,
and the control surface boundary were digitized into small segments, as shown in Fig. 9.
The periodic wave paddle displacement a(t) and velocity v(t) are governed by the

following equations:
a(t)= a70[1 ~ cos(t)] 4.3)
v(t)= %(DSin((Ot) 4. 4)

where @ =27/T is the circular wave frequency. Eq. 4.4 provides the boundary condition

for the wave paddle.

Numerical simulations on two-dimensional wavemaker problems were carried out
and one set of results are presented in Figs. 10 and 11. In this testing case, the dimension
of the tank was 40 m in length and 1 m in depth. The wave paddle with a motion
magnitude of 0.02 m was moving at a period of 2.3 seconds. The sponge layer length
was 6.28 m at the downstream end of the tank. The wave paddle surface boundary and
the control surface boundary were discretized into 10 segments, and the still water
surface was discretized into 200 segments. Wave elevations were computed at a 0.01

second time increment. Figure 10 shows wave profiles along the wave tank at varying
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times, while Fig. 11 shows wave elevation changes as a function of time at three different

fixed points. It is seen that the wave elevations obtained are stable.

More numerical simulations were carried out for varying wave periods and the
results were compared with the steady state theoretical solutions presented by Dean
(1984). In all the testing cases, the wave tank depth was 1 m, and wave paddle motion
magnitude was 0.02 m. The wave periods, the computed wave lengths and wave
elevations, dimensionless wave frequency kd and the dimensionless wave height H/ay of
these cases are listed in Table 1. Comparisons between these numerical results and the
theoretical solutions on relative wave height H/a, versus dimensionless wave frequency
kd are shown in Fig. 12. Very good agreement was obtained between the numerical

results and theoretical solutions.

4.2 Two-dimensional landslide problem

To further validate the two-dimensional numerical model, test cases were carried out
using the two-dimensional numerical model to simulate a horizontal wall movement with
constant speed, and the results were compared with the theoretical solution derived by

Noda (1970). These are described and discussed in the following sections.

4.2 1 Theoretical solution

The theoretical solution for a two-dimensional horizontal landslide problem was derived
by Noda (1970) using a direct-integral method by treating landslide as a horizontal
moving wall, the velocity of which was approximated by N straight lines as governed by

the following expression:

v, 0<t'<T,
A T, <t'<T,
V()= j/(%) “J. . @.5)
& v, Ty, <t'<T,
| 0 t'> T,
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in which, V’(t’) is dimensionless wall speed; Vi, V3, ... Vy are dimensionless constant

speeds; t' is dimensionless time defined as t' =t,/g/d . The derived wave elevation by a

direct-integral solution is expressed as:

n(x’,t')_ N 2 »V tanhucosux'y . , o '

in which x'=x/d, u and o are dimensionless wave number and dimensionless wave

frequency, expressed as:

o = gk tanh(kd) Jd/g @.7)

u=kd 4.8)
In Eqs. 4.7 and 4.8, k =2n/L is wave number, L is wave length. Considering when

u29, tanhu~1, thuso ~ \/1_1_, Eq. 4.6 can be further re-written as:

n

[N N !
n(xd’t) Z{% J»:Vn tanlz:lcosux [sincs(t'—Tn_l)—SiIlG(t'"Tn )]du

4.9)

1
r i !
+g Iw AL tanh;jzcosux {Sinug(t' _Tn—l)_SinuE (t' ‘Tn) du

9 u

The first integral in Eq. 4.9 can be solved numerically, while the second integral can be

integrated by parts when x' > 0.

Note this analytical solution was based on a linearizing assumption that the
displacement of the wall is small in comparison to the water depth, so that the integrals
can be performed on the still wall surface instead of the moving wall surface. This
assumption is the same assumption utilized to derive the numerical solutions in this
thesis. In a strict sense the derived analytical solution are for a water inflow problem at x

=0, where v(t') is the velocity of water inflow.

The analytical - solution, Eq. 4.9, was utilized to validate the two-dimensional
numerical model. The theoretical solutions, numerical results and the comparisons are

described and discussed in the following section.
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4.2.2 Numerical results and comparisons

In the numerical test case, the wave tank was 1 m deep and 20 m long; the water surface
was digitized into 2,400 segments; the time step was 0.01 second and the simulation
duration is 3;2 seconds; the wall was moving at a constant speed of 3.13 m/s (V; = 10).
Two probes were placed at x =2 m (x'=2),and x =5 m (x’ =5) to record time history
of .-wave elevation. The recorded dimensionless wave elevations as a function of
dimensionless time in comparison with the results from the theoretical solution by Noda

(1970) are presented in Fig. 13. It is seen that very good agreement was obtained.

In summary, the validation test runs on wavemaker problems and landslide
problems in two-dimensional cases successfully validated the two-dimensional numerical

model.

4.3 Three-dimensional wavemaker problem

A three-dimensional piston-type wavemaker problem was studied. The theoretical
solution and the experimental work obtained by Takayama (1984), the numerical results
in testing runs using the numerical models developed in this thesis, and their comparison

are described and discussed in the following sections.

4.3.1 Theoretical solution

The theoretical solution for a three-dimensional piston-type wavemaker problém was
derived by Takayama (1984). The definition sketch of the wavemaker problem in
Takayama’s derivation is the same as shown in Figs. 6 and 7, excluding the sponge
layers. The derived elevation of waves generated by a piston-type single wave paddle are

given by:

n =[§l“p | k:; No(\/ (kx —q)* +(ky)’ )dq
+z B, J-vb/z 2 ( vx—q) + (vy)z)dq]sinmt (4. 10)

vb/2 ¢

+a?°ap cos ot j_km O(J(kx - q)2 + (ky)2 )dq
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where Jo(x), No(x), and Ky(x) are Bessel, Neumann and modified Bessel functions with

index zero, respectively; values of v are the positive roots of the following equation:

o’ = —gvtanh(vd) (4.11)

a, and B are defined by the following equations:

< 12
o = Sioh kd 4.12)

o -
K d(l N sinh 2kd)

2kd

sinh® vd

B, = .
v d(l , sinh 2vd)
2vd

4.13)

The relative wave height as a function of location in the x-y plane, defined as the ratio of

wave height and wave paddle displacement magnitude H/a,, is given by:

%(x, y)= {[“p | k:i/zz No(«/ (kx —q)* +(ky)’ )dq
+ ZB | bi/zz 2K ( vx—-q)’ +(vy)’ )dq]z (4. 14)
* “p[ J k::; Jo (\/ (kx - q)2 +(ky)’ )dq]z }1/2

The theoretical solution presented in Eq. 4.14, together with some experimental results by

Takayama (1984), which were used to validate the three-dimensional numerical model,

are described in the following section.

4.3.2 Experimental Work

The experimental work on waves induced by a single wave paddle was carried out in a
wave basin and the results were presented by Takayama (1984). The experimental setup
by Takayama is illustrated in Fig. 14(a). The experimental work was carried out in a
wave basin of 25 m long, 15 m wide, and 1 m deep. Rubble mound and wave absorbers
were placed along the tank walls to reduce wave reflection. Three 5-metre long piston

type wave paddles were placed on one side of the tank. Only the middle wave paddle
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was operated in the experiments. Wave elevations were measured at 140 points in the
wave tank, as shown in Fig. 14(b). The water depth was 0.63 m for all experiments.
Two experiments corresponding to a wave period of 1.0 second and 1.4 seconds were
carried out and the results were presented by Takayama. These experiments were
numerically simulated in two test cases and comparisons are presented and discussed in

the following section.

4.3.3 Numerical results and comparisons

In the three-dimensional numerical model, the wavemaker was simulated as a vertical
wave paddle moving periodically in a rectangular wave basin (see Fig. 7). The wall
surface, the wave paddle surface and the still water surfaces including the sponge layer
were digitized into a number of facets (see Fig. 8). The wave paddle’s displacement and

velocity are governed by Egs. 4.3 and 4.4 respectively.

Numerical results of four test cases are presented in this thesis, corresponding to the
experiments performed by Takayama (1984). In all these test cases, water depth was
0.63 m, wave paddle motion magnitude was 0.02 m, duration of simulation was 10
seconds, the water surface was digitized into a 48 x 48 mesh, water depth was digitized
into 4 segménts, and the total number of facets was 2,880. Wave basin dimension, wave

paddle length, and wave period for each test case are listed in Table 2.

Numerical simulation test cases A and B correspond to theoretical results presented
by Takayama, with relative wave paddle length b/L = 0.5 and 1.0 respectively (L is the
wave length). Wave profiles generated in test case A are shown in Figs. 15 and 16.
Figure 15 shows the three-dimensional wave profile as a function of location at varying
time instances. Figure 16 shows the simulated water surfaces as a function of time at six
fixed points where numerical probes were located (locations of the numerical probes are
shown in Fig. 14(a)). It is seen from Figs. 15 and 16 that the generated waves are stable.
The relative wave height H/a; from the numerical simulation test case A, in comparison
with that of the theoretical solutions derived by Takayama (1984), are presented in Fig.
17. The relative wave elevation from the numerical model test case B, in comparison

with that of the theoretical solutions and the results, are shown in Fig. 18. Note that wave
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heights at only half of the wave basin are presented due to symmetry. It is seen from
Figs. 17 and 18 that for both b/L = 0.5 and b/L = 1.0, the numerical simulations generally

agree with the theoretical solution.

- The numerical test cases C and D correspond to the experimental work performed
by Takayama. From test case C (T = 1.0 second), the simulated relative wave height H/a,
as function of relative distance x/L from the wave paddle at varying y values, in
comparison with the theoretical and experimental results, are shown in Fig. 19.
Similarly, the simulated relative wave heights H/a, as a function of relative distance y/L
from the centerline of the wave basin at varying x values, in comparison with the
theoretical and experimental results, are shown in Fig. 20. From test case D (T = 1.4
second), the simulated relative wave heights H/a, as a function of relative distance y/L
from the wave paddle at varying x values, in comparison with the theoretical and
experimental results, are shown in Fig. 21. And the simulated relative wave heights H/a,
as a function of relative distance x/L from the centerline of the tank at varying y values,

in comparison with the theoretical and experimental results, are shown in Fig. 22.

It is seen from Figs. 19 — 22 that the numerical results agree with the theoretical and

experimental results.

4.4 Three-dimensional landslide problem

As described in Chapter 1, the studies on problems of the three-dimensional landslide-
génerated waves are very limited at the present time. Thus the validation of the
numerical model on the three-dimensional cases was carried out mostly by visual
observations. The numerical modeling results, however, were compared with the visual
observation and the field measurement in a case study, which are described and discussed

in Chapter 6.



Chapter 5 Results and Discussion . 42

CHAPTER S RESULTS AND DISCUSSION

Further to the validation of the numerical models, some test runs were performed to study
the computational characteristics of the models. Dimensional analysis and a number of
numerical simulations on two-dimensional and three-dimensional landslide-generated
waves were then carried out and a selection of results is presented. These are discussed

in the following sections.

S.1 Computational considerations

The computational considerations include discretization schemes, computing cost,
accuracy and stability of matrix solution, stability of time-stepping procedure, and

numerical accuracy of discretization.

5.1.1 Discretization schemes

The three-dimensional numerical model corresponds to that of a wave basin with a part of
moving boundary located at one end. The moving wall surface, the still wall surface, the
still water surface and the control surface are discretized into finite number of planar
quadrilateral facets (see Fig. 8). The wave basin bottom is excluded due to the choice of
the Green’s function that accounts for the symmetry. A FORTRAN code LGW3D has
been developed to perform the surface discretization, generate the matrix coefficients,
solve the matrix equation and time-step the development of waves. A Gaussian
integration is used to compute the matrix coefficients although other numerical
integration methods may be feasible. For the purpose of high order of accuracy, a 64-
point Gaussian integration and double precision is used throughout the computation.

Typically 2,000 to 3,000 facets are used in the discretization of the surfaces.

The two-dimensional numerical model corresponds to that of a narrow wave flume
with a moving boundary on one end. The moving wall surface, the control surface and
the still water surface are discretized into numbers of straight-line segments (see Fig. 9).
The tank bottom surface is excluded due to the choice of the Green’s function that
accounts for the symmetry. A FORTRAN code LGW2D has been developed to perform
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the surface discretization, generate the matrix coefficients, solve the matrix equation and
time-step the development of waves. An 8-point Gaussian integration and double
precision is used throughout the computation. About 200 to 400 facets are generally used

in the discretization of the surfaces.

Both LGW3D and LGW2D models can be used to either simulate landslide-
generated waves with a radiation condition or piston-type wavemaker problems with the
radiation condition in combination with sponge layer technique by changing a control

parameter in the input file. 5.1.2 Computing cost

When the rank of a matrix equation is large, computing cost might pose an important
issue affecting the applicability of the method. Typically, with the rank of the matrix
equation denoted by N, the number of floating-point operations for the generation of
matrix coefficients is proportional to N, while the number of floating-point operations
for solving the matrix equation is proportional to N>. For LGW2D and LGW3D models,
since the elements of the left-hand side matrix are functions only of facet locations,
orientations and relative distances between the facets, the matrix remains constant
throughout the time-stepping procedure. Thus LU factorization can be performed
initially on the matrix, and the resulting LU coefficient matrix can be stored and used to
solve the linear system, which can significantly speed up the procedure of solving the

matrix equation.

The programs LGW2D and LGW3D were coded and compiled using the Microsoft
Fortran Power Station (Version 4.0) and can be run on personal computers running
Microsoft Windows operating systems. As the computing cost depends on a number of
factors such as the CPU speed, the RAM size and speed, and sometimes the hard drive
speed when temporary storage on the hard drive is needed, the CPU time for a specific
problem may vary slightly from time to time depending on the computing environment.

Thus, the results presented in this section can only be used for reference purposes.

Figures 23 and 24 show the CPU time as a function of the rank of the matrix

equation for the program LGW2D and LGW3D running on a PC equipped with Intel
PIII-600 CPU and 256 Mb RAM. Note the CPU time does not include the time spent on
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the generation of matrix coefficients and the LU factorization, since this time duration
occurred only once throughout the simulation period. It is noted that for both two-
dimensional and three-dimensional problems, the CPU time is proportional to

approximately N'*’, where N is the total number of segments used.

5.1.3 Accuracy of matrix solution

When the rank of a system of simultaneous equations is large, the round-off error in a
matrix solution requires particular attention before it can be applied more generally to the
stepping procedure. A number of different techniques can be used to indicate the
magnitude of the round-off error in a matrix solution. One of the most frequently used is
the condition number which has the property that the higher the condition number the less

accurate is the matrix solution.

In this thesis, condition numbers of matrices were evaluated using routine DLFCRG
in the IMSL Math Library included in the Microsoft Fortran Power Station (version 4.0)
package. Routine DLFCRG performs an LU factorization of a real general coefficient
matrix and to estimate the condition number of the matrix. The solution of the linear
system is then found using the iterative refinement routine DLFSRG. Routine DLFCRG
fails if U, the upper triangular part of the factorization, has a zero diagonal element or if
the iterative refinement algorithm fails to converge. These errors occur only if the matrix
is singular or very close to a singular matrix. If the estimated condition number is greater
than 1/e (where € is machine precision), a warning message is issued, which indicates that
very small changes in the matrix can cause very large changes in the solution, thus the
matrix is ill conditioned. If no warning is issued, the solution is considered accurate to at

least the machine precision.

In this thesis, warning messages from routine DLFCRG for cases of both two-
dimensional and three-dimensional model simulations were monitored. For all the test
cases, no warning message has ever been encountered. Thus the matrix solutions for all

the test cases presented in this thesis are considered to be accurate.

It is seen from Eqs. 3.4, 3.5, 3.6, 3.14, and 3.15, that the left-hand side matrix in the

matrix equation consists of elements that are functions of only facet locations,
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orientations and relative distances' between the facets. Thus the geometry and
discretization scheme of a specific problem domain are dominant factors for the accuracy
of matrix solutions. Since the geometry and discretization scheme can be chosen in any
form theoretically, there is no guarantee that the formed matrix of a specific problem is
well conditioned. Thus condition numbers and error messages from routine DLFCRG
should always be monitored in any numerical simulations to guarantee the accuracy of a

matrix solution.

5.1.4 Stability of time-stepping procedure

The stability of the proposed solution requires that the time-step size At is sufficiently
small in relation to a characteristic facet diameter AS. This condition corresponds to a
minimum value of T/At, for any given value of L/AS, where T and L denote a

representative wave period and length.

Isaacson and Cheung (1991) studied the stability of the time-stepping procedure,
which is adopted in this thesis. It was found that in two-dimensional cases, stable
solutions could be obtained for L/AS and T/At as small as 10 and 7 respectively. Isaacson
and Cheung (1991) also studied the Courant stability condition which specifies that the
Courant number given by cAt/AS = (L/AS)/(T/At) is less than one, and found that this
appeared to apply to the cases when L/AS is approximately less than 30. For larger
values of L/AS, a stable solution could be obtained for a time-step size which was

significant larger than that required by the Courant stability condition.

In the context of this thesis, the Courant stability condition has been enforced for all
numerical simulations of wavemaker problems. In cases of problems of landslide-
generated waves, the wave length of each wake wave following the leading wave is
smaller than its precedent wake wave. Because of the decreasing wave length, the
Courant number cannot be defined explicitly. Nevertheless, in engineering applications,
the first several leading waves generally have the largest impact on coastal structures and
are the focus of this thesis. The Courant stability condition provides a good guideline in

the numerical simulations. In this thesis, time step is always kept small and visual

observations have been performed in each test case to ensure satisfying stability.
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5.1.5 Numerical accuracy of discretization

Apart from the issue of stability, the numerical accuracy of 'discretization must also be
assessed in terms of the chosen segment or facet size. The computed wave elevations
were found to depend on the number of segments or facets used to represent the water
surface. To illustrate the effects of the number of segments or facets used to represent the
water surface, convergence of free surface wave elevations is examined for wavemaker

problems.
Two-dimensional problem

Let n, denote the exact wave elevation, and m,, denote the numerically simulated

wave elevation on a discretization scheme with a spacing of Ax. The error E; in the

numerical solution at point i is:

Ei s =Ma (X)) =1 (x;) 5.1

To summarize the error as a single number, a commonly used norm, L; norm, defined by

the following equation (5.2) is used:

2 [E]
[E.], =- (5.2)
n

Suppose numerical solutions on three discretization schemes D;, D;, and D3 are
available, where D, has triple as many segments as D), and D; has triple as many
segments as D,. The use of the tripling schemes allows the differences among the
schemes on specific locations to be computed without additional approximation error, as
wave elevations are represented by the values at the center of each segment. Assuming
that the error in each solution is proportional to its segment spacing to some power kK, the

solutions can then be written as:

n|, =mn,+Cax" (5.3)

Ax K
M, =M. +C 5 (5. 4)
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Ax\*
T]|1)3 =M. +C _9" (5.5

where C is a constant parameter in the above equations. Taking the norm of the

difference of the solutions between schemes D; and D, and that between D, and D3, we

have: :
1

‘ﬂloz M, =CAX"(1—3—k) (5. 6)
11

‘nlm o, =CAXk(§k—-9—k) - (5.7

The ratio of Eq. 5.7 and Eq. 5.6 can be expressed as:

o, =1l 1 5.8)

k
’nlDz _nlD, 3

Eq. 5.8 indicates that the convergence order k can be evaluated without knowing the

. 1
exact solution. Moreover, the norm error of the finest scheme D3, ”ED3 “ = CAx* 9—k , can

be evaluated by taking the ratio of this norm to that in Eq. 5.7, i.e.

(5.9)

Eq. 59 can then be used to compute the norm of scheme Dj; after the norm

n|D - n|D and the convergence order k are obtained.

To further reduce the numerical error caused by the time-stepping procedure, the
time step for the finer mesh is reduced to 1/3% of the time step for the corresponding
coarser scheme, to ensure that the order of the accumulation of this numerical error is no

larger than the order of errors caused by the discretization schemes.
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The above methodology is applied in a series of numerical simulations to study the
accuracy of discretization schemes of the numerical models. These simulations
correspond to a wave tank of 1.0 m water depth, 30 m in length with a 5 m long sponge
layer at the downstream end of the tank. The wave paddle is moving at a period of 2.3
seconds, with magnitude of 0.02 m. The water surface is discretized into 60, 180, and
540 segments respectively. The time step for each discretization scheme is set at 0.081,
0.009, and 0.001 second, respectively. The wave elevations corresponding to these
discretization schemes at time t = 8.1 second are shown in Fig. 25. The norms of
differences in wave elevations between the coarser and finer discretization schemes, the
convergence. order k, and the numerical error of the finest discretization scheme at
varying time instances are shown in Table 3. It is seen from the results that the estimated
order of convergence varies from 1.79 to 2.03, which indicates that the numerical scheme
converges nicely. The error norm of the finest scheme is in the order of 10° m to 10™ m.
As the wave height generated in the wave tank is in the order of 107 m, the error caused

by discretization schemes is negligible.
Three-dimensional problem

The accuracy of discretization was studied following the similar method described
in the previous section. ‘Again, assuming three discretization schemes, D, D, and Ds are
available, where D is obtained by dividing each facet of the D; scheme into nine equal
facets, and Djs is obtained by dividing each facet of the D, scheme into nine equal facets.
This facet refining method allows the accurate comparison among different discretization
schemes be carried out at fixed specified locations, since wave elevations are represented
by values at the centroid of facets. Thus, on the water surface, the wave elevation from

numerical solutions of three discretization schemes can be expressed as:

“ID. =1, + C(AxAy)* (5. 10)

k
AxA
nlnz =ne+C( 5 y) (5. 11)

k
AXA
Mp, =M. + C( glyj (5. 12)
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FolloWing the similar method described in the previous section for two-dimensional
problems, the ratio of the norm of the differences in the solution between the finer

schemes and that between the coarser schemes can be obtained as:

1

”T]|D3 _T]ID2 B
Tl —n | 9

and the norm error of the finest scheme D,

(5.13)

T]ll), _n|Dl

IE b, ” = C(AxAy)* —9—1k— , can be evaluated as:

[Es,| _ 1 (5. 14)
—

9k —1

I

D,

Similar to the two-dimensional case, the time step for the finer mesh is reduced to
1/9 (first order) of the time step for the corresponding coarser scheme, to further reduce
the numerical error caused by the time-stepping procedure. Strictly speaking, to ensure
the order of the accumulation of this numerical error is no larger than the order of errors
caused by discretization schemes, the time step for the finer mesh should be reduced to
1/9* (second order) of the time step for the corresponding coarser scheme. However,
such a time step reduction causes significant increase in simulation time and makes the
numerical simulation for the finest mesh infeasible. Nevertheless, the first order time

step reduction is considered sufficient for the present purpose, and thus is adopted.

To study the accuracy of the three-dimensional numerical model, sample test cases
on the three-dimensional wavemaker problem were simulated. The test cases correspond
to a wave basin of 1.54 m long, 3.08 m wide, with a water depth of 0.63 m. A 0.77 m
wide sponge layer was implemented at the open ends of the tank. Wave paddle motion
magnitude was 0.02 m, and the period was 1.0 second. The water surface (1.54 mx1.54
m) was discretized into 6x6, 18x18, and 54x 54 facet meshes for the three schemes
respectively. The time step in the simulations for each discretization scheme is 0.081,
0.009, and 0.001 second, respectively. The simulation duration was controlled to be
within 1.2 second to make sure the numerical results were not affected by the reflection

from the open boundary and the sponge layer as these boundary conditions could not
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provide perfect wave passing, as discussed in Chapter 3. The wave elevations at the
centerline of the wave basin (perpendicular to the wave paddle) at time t = 0.6 second are
shown in Fig. 26. The norms of differences in wave elevations between the coarser and
finer discretization schemes, the convergence order k, and the numerical error of the
finest discretization scheme at varying time instances are shown in Table 4. It is seen
that the estimated order of convergence varies from 0.85 to 0.98, which indicate the
numerical scheme converges nicely. The error norm of the finest scheme is in the order
of 10° m. This compares with the approximate 102 m genérated wave height, and
indicates that the error caused by discretization schemes is negligible. Thus the three-
dimensional numerical model converges nicely as the number of facets representing the
water surface increases. This is consistent with the accuracy study results on the two-

dimensional numerical models.

In summary, the studies on the discretization schemes of both two-dimensional and
three-dimensional numerical models indicate that sufficient accuracy can be obtained

from the discretization schemes.

5.2 Dimensional analysis

The factors that affect the amplitude of landslide-generated waves at a certain location
include the water depth, the acceleration of gravity, the distance from the landslide
source, and the landslide motion such as volume, width, displacement, speed and
duration. Among these factors, the landslide volume Q, width b, displacement a(t),
speed V(t) and duration T/2 are correlated. Assuming that a simplified landslide is
treated as a vertical wall moving horizontally following a half sinusoidal motion, the slide

displacemenf can be defined by:

a(t)= %0[1 - cos[z%t)] (0<t< ;/2) .19

0 | (t>T/2

Thus the landslide speed V(t), and the landslide volume can be expressed as:
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V()= ) "sm(%"t) (0<t<T/)2)

A (1/2) (5. 16)

Q=a,bd (5.17)

It is seen from Eqgs. 5.15 — 5.17, the landslide motion can be represented by the
landslide displacement a,, the width b, and the duration T/2, although other parameters
such as volume and speed are also representative. Therefore, the amplitude of landslide-
generated waves can be identified as a function of location, water depth d, landslide

duration T/2, landslide width b, landslide displacement amplitude a,, and acceleration of

gravity g. Hence the wave height generated by the simplified landslide can be described

as:

H=f(x,d,a,,T,g) two-dimensional landslide (5. 18)
H =f(x,y,d,a,,b,T,g) three-dimensional landslide (5. 19)

where H is the wave height generated by landslide, and can be obtained by means of

evaluating the free surface elevation.

As wave height is linearly proportional to landslide amplitude, by choosing water
depth d, acceleration of gravity g, and double duration T as basic parameters, dimensional

analysis gives the following relationship:

H_ =f ( d J two-dimensional landslide (5.20)
a, d’gT?

H_ x5 E three-dimensional landslide (5.21)
a, d’d’d’g

For different categories of landslide, Eqs. 5.15 — 5.17 can be slightly modified to fit
certain types of landslide.

5.3 Two-dimensional landslide-generated waves

A number of numerical simulations were performed to study the characteristics of

landslide-generated waves in two-dimensional cases. The focus of the study is the
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maximum wave amplitude generated by landslide, which has the most significant impact

on coastal structures.

The results from the numerical simulations indicate that the highest wave in the
landslide-generated wave train is always the leading wave. Also, a number of smaller
“wake waves” are generated following the leading wave, and the wave height decreases
as the waves propagate. Figs. 27 and 28 demonstrate these phenomena. In this case, the
simulated water tank was 40 m long, and the water depth was 0.63 m. The landslide
displacement was 0.01 m, and the landslide duration was 0.9 seconds. The water surface
was modeled using 200 straight-line segments. Time step in the simulation was 0.01-
second. It is noted that the wave periods and the wave lengths of the landslide-generated
waves tend to increase as they propagate. Thus the dispersion relation in the linear wave
theory cannot be used to evaluate the wave speed. However, wave speed can be
numerically determined by monitoring the crest positions of the waves, although this was

not attempted in this study.

As discussed in the previous section, in two-dimensional cases, the dimensionless

wave height H/a, of landslide-generated waves depends on the relative location x/d, and

dimensionless landslide duration d/ gT? (Eq. 5.20), where T/2 denotes landslide duration.

To study this dependency, numerical simulations were carried out based on varying
landslide duration, and the resulting wave heights at various locations were analyzed.
Figure 29 shows the maximum dimensionless wave height as a function of the relative
location x/d for various d/gT? valués. It is noted that with the same landslide amplitude,
the shorter the landslide duration, the faster the landslide is moving. It is seen in Fig. 29
that landslides with higher speed (or shorter landslide duration) generate higher waves,
especially in the vicinity of landslides. Also, landslide-generated wave height decreases

as the distance from the landslide increases. Far away from the landslide, for the d/gT?

values within the range of 0.01 to 0.06, wave height converges to a constant value of

approximately 0.4a, regardless of landslide duration or speed. In the extreme case of
very low d/gT? values (i.e. very slow slide moment), a zero wave height is expected in

~ the far field. Therefore, a convergence of G.4a, is valid only for d/ gT? above a certain
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value. And indeed, as expected, the lowest curve in Fig. 29 shows that the wave height

for d/gT? = 0.005 is smaller than those for larger d/gT? values.

5.4 Three-dimensional landslide-generated waves

A number of simulations were carried out to study the characteristics of landslide-
generated waves in three-dimensional cases. Typical generation and propagation of
landslide-generated waves in three-dimensional cases are demonstrated in Fig. 30. This
simulation was carried out in a half wave basin of 5 m long, 5 m wide, and 0.63 m deep
in water depth. The landslide was treated as a 0.63 m wide wall block moving into the
wave basin with a displacement of 0.01 m and a duration of 0.5 second. The water
surface of the half wave basin was digitized into 36 x 36 facet mesh, and the simulation

. time step was 0.02 second.

From the dimensional analysis, the dimensionless wave height H/a, is a function
of relative location (x/d, y/d), relative landslide width b/d, and dimensionless landslide
duration d/ gT?, as defined in Eq. 5.21. To study the effect of these factors, numerical
simulations were carried out for three landslide widths (b/d = 1.0, 2.0 and 4.0) and three
landslide durations (d/ gT?= 0.02, 0.04, 0.06) respectively. All simulations were

performed in a half wave basin of 5 m long, 5 m wide and 0.63 m deep in water depth.
The water surface of the half wave basin was digitized into a 36 x 36 facet mesh, and the
simulation tifne step was 0.02 second. The results of the dimensionless wave height for
varying landslide dimensions and durations are shown in Figs. 31 — 33. The results of the
dimensionless wave height along the centerline of the landslide for these cases are shown

in Fig. 34.

It is seen from Figs. 31 — 34 that for a fixed landslide width, the shorter the
landslide duration or the higher the landslide speed is (higher d/ gT? values), the higher
the waves are generated. For b/d = 1.0, in the vicinity of landslide, the wave height

changes from approximately 1.0d to 0.4d as d/gT? value decreases from 0.06 to 0.02. A

similar trend is noted for cases with b/d = 2.0 and 4.0.




Chapter 5 Results and Discussion , 54

When the landslide duration is relatively short or the landslide speed is relatively
high (d/ gT? = 0.06 and 0.04), the waves along the centerline of the wave tank are higher
than the waves at other locations. On the other hand, when the landslide duration is

relatively long or the landslide speed is relatively low, the waves propagate and scatter

almost uniformly in the wave basin.

It is also seen from the figures that the waves decay fairly rapidly as they propagate

in the wave basin. This agrees with the fact that, in open Water, the amplitudes of the
scattered waves decay like 1/ Jr due to the directional spread of wave energy, where r is

radian distance measured from a point of interest (e.g. Sarpkaya and Isaacson, 1981).

The effect of the landslide dimension (in this case, the width) can be seen by
-comparisons of Figs. 31 — 34 for fixed d/ gT? values. As expected, waves generated by

larger landslides (b/d = 4.0) are greater than waves generated by smaller landslides (b/d =
1.0). '

5.5 Limitations of the numerical models

The numerical models have been validated and the numerical simulations show some
results of interest. However, in application of the theoretical formulation and utilizing
the numerical models to study landslide-generated waves, some limitations need to be

considered. These limitations are as follows:

o Constant water depth

The numerical models are set up based on the assumption of constant water depth.
This assumption provides symmetry with respect to the domain bottom, which allows
for a lower number of discretized facets on the surfaces and enhances the efficiency
of the numerical model. However, it is noted that the numerical method is in fact not
restricted by the assumption of constant water depth. When the water depth is not
constant,’the bottom boundary has to be included in the discretization scheme. The

Green’s function has to be revised accordingly, and a larger number of facets will be

needed in the numerical model. In any event, it is emphasized that the present




Chapter 5 Results and Discussion 55

problem is intended to relate to the more immediate vicinity of the landslide, and not
to account for diffraction, refraction and shoaling so as to predict wave propagation

away from the landslide site.
Linear waves

The current numerical method and numerical models are based on the assumption that
landslide-generated wave amplitudes are relatively small compared to water depth or
wave length. This assumption may no longer be valid for more extreme events when
the speed of the landslide is so large that breaking waves are generated right in front
of the landslide. The current numerical methods and models do not take into account
breaking wave effects. Thus, the breaking wave limit, which is normally assessed by
breaking water depth or wave steepness (Sarpkaya and Isaacson, 1981), should

always be verified during the numerical simulations. Attention also needs to be paid

- to the cases where nonlinear wave effects may be significant. To assess this in the

context of shallow water waves, reference may be made to the Ursell parameter,
defined by U, = HL? / d®. The Ursell parameter is of order unity or is moderately
large for high waves in shallow water, or when nonlinear wave effect becomes
significant (Sarpkaya and Isaacson, 1981). For small values of Ursell parameter,
linear wave theory is generally applicable. Nevertheless, it is worthwhile pointing out
that linear wave theory has been demonstrated to be robust and sufficient in many
engineering applications, even when waves are moderately steep, and has been
adopted as the fundamental wave theory in many coastal engineering design and

reference manuals, such as the Shore Protection Manual (1984).

Horizontal wall movement

While the present numerical method is applicable to a landslide of arbitrary profile,
the numerical results presented in this thesis are based on the further assumption that
the landslide can be simplified into a vertical wall and the motion follows a half
sinusoidal curve. For a slump-type landslide with a dominant horizontal movement,
it is expected that the slide may be simplified into a horizontal moving wall by

equalizing the slide volume with the wall motion amplitude and duration, so that the
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present numerical method may be applicable. A case study on Skagway Harbour
landslide described in Chapter 6 indicates that such a simplification appears feasible.
Indeed, the validity of this assumption may be examined numerically using the
present models, although this is not attempted in this study. Other types of landslide,
such as rockfall, submarine landslide, and vertical seabed movement, can also be
simulated with slight modification to the numerical models. More realistic landslide
motion can also be simulated provided the time-history of the slide displacement is

available.
Geometry of boundaries

Theoretically the numerical methods can be applied to a water domain of arbitrary
boundaries. However, attention has to be paid on the overall geometry, because the
accuracy of matrix solution is dependent on the condition number of the left-hand-
side matrix, which is function of boundary surface facet coordinates. It is possible
that in some particular situations the boundary geometry gives rise to an ill-
conditioned left-hand-matrix which causes non-negligible errors in the matrix
solution. Warning messages from the numerical models will be issued if such cases
occur. It is suggested that warning messages from the numerical models be

monitored to guarantee the accuracy of the simulation results.
Discretization scheme

In this thesis, straight line segments and rectangular facets are used to digitize the
boundaries and the water surface of the problem domain. The velocity potential at
the center of each line segment or at the centroid of each rectangular facet is obtained
through a Gaussian numerical integration. Water surface elevations are also
represented by values at these centroid locations. Thus, to obtain a reasonably
accurate wave profile, it is essential to ensure that the digitized water surface mesh is
fine enough to represent waves. In most cases, this conflicts with the efficiency of
the numerical model and the computer hardware capacity and needs to be resolved
with caution.  Other discretization schemes, such as higher order element

representation, are applicable with some modification to the numerical models.
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o Time step and stability

In using the numerical models to simulate landslide-generated waves, time step needs
to be sufficiently small to ensure the stability of the time-stepping procedure. As
described in Section 5.1.4, the Courant stability condition provides a good guideline

in the numerical simulations.

e Wave reflection at open boundary

It has been noted that the numerical implementation of the Sommerfeld / Orlanski
radiation condition at the open boundary may cause partial wave reflection when
wave trough or crest passes thought the open boundary due to the numerical error in
calculating the wave celerity. Since the numerical simulation results indicate that the
leading wave has the maximum amplitude, the wave reflection can be avoided by
adjusting the simulation duration to ensure the leading wave remains within the water
domain. This can be achieved from visual observation on the wave elevation from

the numerical simulation results.

In summary, the limitations of the current numerical method and models are closely
related to the complexity of the problem domain geometry, the movement of the
landslides, and limitations caused by computer resources. Some of the limitations may
be overcome by simplifying the problem domain, adjusting simulation duration and
modifying discretization scheme. Other limitations, such as nonlinear wave effects and
inconstant water depth, require some modification and extension to the numerical
method. Within these limitations, the current numerical method and models provide a

reliable means to study landslide-generated waves.




Chapter 6 Engineering Applications 58

CHAPTER 6 ENGINEERING APPLICATIONS

Based on the numerical results presented and discussed in the previous chapter, tentative
solutions for real engineering applications have been sought in an attempt to present
coastal engineers a quick way to obtain order-of-magnitude estimates of landslide-
generated waves. Design curves of such solutions have been developed, and the results

of a case study are discussed in the following sections.

6.1 Design curves for engineering applications

It is seen from Figs. 29 and 34 that the dimensionless wave height H/a, decays rapidly

as the distance from the landslide source increases. A simple exponential relationship

simulating such a phenomenon is as follows:

. :
H_ a(f) (6. 1)
a, d

where a and P are two parameters that are dependent on the dimensionless parameter

d/gT? in two-dimensional cases, and on the dimensionless parameters d/gT?, b/d, and

y/d in three-dimensional cases. Equation 6.1 can be converted as:

1n(§—j =Ilno+ Bln(i) (6.2)
a, d

The above relationship can be readily applied to find o and B parameters using the least-
squares method. Figure 35 illustrates such a fit for the two-dimensional landslide-

generated wave problem when d/ gT? =0.02.

For various d/ gT? values, more fits were performed on the dimensionless wave
height for both two-dimensional and three-dimensional cases and design curves for a and
B parameters were developed. Figure 36 shows the design curves for o and B parameters

as a function of d/ gT? in two-dimensional case. Figure 37 shows the design curves for
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o and [ parameters as a function of d/ gT? for waves at the centerline (y = 0) for

different b/d values in three-dimensional cases.

Note that Eq. 6.1 and the engineering curves presented in Figs. 36 and 37 for a and
B parameters present only order-of-magnitude estimates for landslide-generated waves in
a rectangular wave basin within the context of this thesis. Also, Eq. 6.1 produces an

infinitely large H/a, value when x/d becomes infinitely small, which in reality is not

true. Thus, Eq. 6.1 and Figs. 36 and 37 may be used cautiously to predict waves only at
locations that are a certain distance away from the landslide source. This restricting
distance may vary in different circumstances. A distance that is equal to one water depth

may be used as a reference restricting distance.

6.2 Case study: Skagway Harbour landslide

Landslides in coastal areas and reservoirs have been recorded in many countries during
the past a few decades. However, the detailed information on landslide formation and
movement as well as magnitude of landslide-generated waves is rare. In this section, one
of the most detailed cases on landslide-generated waves, the Skagway Harbour landslide,

is presented and studied with reference to the numerical modeling results.

At approximately 7:10 p.m. Alaska standard time (AST) on November 3, 1994, a
landslide occurred in Skagway Harbour (59°26°45”N, 135°19°30”W, see Fig. 38), located
at the north end of Taiya Inlet, in southeast Alaska. The landslide was triggered by a 260
m length of the Pacific and Arctic Railway and Navigation Company (PARN) ddck
rapidly sinking into the water. The dock was in the early stage of a reconstruction
project. The failure occurred coincidentally with an extreme low tide. The landslide
caused a series of large-amplitude sea level oscillations estimated by eyewitnesses to be 5
— 6 m in height in the inlet, and 9 — 11 m at the shoreline. A National Oceanic and
Atmospheric Administration (NOAA) analog tide gauge located on the west side of the
harbour, opposite the landslide, recorded waves with periods of roughly 3 minutes and
maximum trough-to-crest wave heights of about 2 m (Kulikov ef al., 1996). The

landslide caused one fatality, and the generated tsunami caused approximately
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$1,000,000 in damage to the Ferry Terminal and about $100,000 in damage to the
Skagway Boat Harbour.

According to Cornforth et al. (1996), the PARN dock on the east side of the
harbour below steep cliffs was undergoing a major renovation to the northern half of the
400 m long structure (see Figs. 38 and 39). The timber deck and the supporting timber
piles were being dismantled and replaced with sheet pile cellular bulkheads. The
bulkheads were tied back to the shoreline by tail walls approximately 23 m long. The
cells were to be backfilled with compacted dredged sand. Construction work began in
late September 1994. The dock owner brought fill and granite riprap to the site, built a
platform of approximately 90 m to 100 m long, and by October 15, 1994, stockpiled
riprap on top of the platform to a maximum height of about 5.5 m (see Fig. 39). The
volume of the platform fill was approximately 5,120 m®, and the volume of the riprap
stockpile was approximately 4,240 m®>. On November 3, an extreme low tide of elevation
—1.3 m occurred at 6:47 p.m. At about 7:10 p.m., the entire south end of the existing
dock and the new construction slid into the water causing the death of a member of the
working crew. Eyewitness described the sheet pile wall snapping with the ground sliding
out from under the cell, and the timber piling disappearing as a huge wall of water and
debris came crashing towards the shoreline. The job superintendent estimated the total

time from the beginning to total loss of ground below water as 15 to 20 seconds.

The background information on the Skagway Harbour landslide provides some data
that can be used in numerical studies. The initial stage of the landslide can be treated as a
slump type landslide, which can be approximately simplified as a horizontal moving wall.
The water depth in front of the dock was approximately 60 m. The duration of the
landslide is considered to be 15 to 20 seconds. As an approximation, the landslide
thickness is treated as the displacement amplitude. Measured from Fig. 39, this

displacement amplitude is approximately 10 m. The length of the landslide was 260 m.

Based on the above data, the Skagway Harbour landslide corresponds to one of the
test cases presented in Chapter 5, which has d/ (gT2 ) =0.02, b/d =4. Figure 33 presents

the contours of dimensionless wave height that is generated by such landslides and Fig.
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34 shows the dimensionlessv wave height along the centerline of the landslide
(perpendiculér to the dock face). As seen from Figs. 33 and 34, along the centerline of
the landslide and adjacent to the slide source, the maximum wave height can be as high
as 0.6a, ~ 0.8a,, or 6 m to 8 m. This agrees with the 5 m ~ 6 m wave height observed by
the eyewitnesses (Kulikov ef al., 1996). The tide gauge, which is located at the west side
of the harbour, is approximately 450 m away from the center of the landslide. Taking
400 m and 150 m as the distance along the centerline of the slide (x direction) and along
the dock face (y direction) respectively, results in x/d =6 and y/d =2.5. Referring to
Fig. 33, by extending the contour lines in x direction, the numerical simulation results
show that the wave height at the location of the tide gauge is approximately 2.0 m. This

also agrees well with the tide gauge measurement (Kulikov et al., 1996).

A more accurate numerical simulation taking into account the slope effect is
possible following the numerical methods developed in this thesis, but will be very time-
consuming. On the other hand, it is demonstrated that by approximating the slump-type
landslide as a horizontal moving body, the numerical modeling results presented in this

thesis can be used to estimate the magnitude of waves to a certain degree of accuracy.

6.3 Potential of landslide-generated waves in Canada

There has been a record of landslide-generated waves in various locations in Canada. In
many cases, waves generated by landslides entering rivers, lakes or other bodies of water
have caused substantial damage. To mitigate such damage, the potential of landslide-

generated waves needs to be evaluated.

Landslide entering rivers may be devastating. In 1908, at Notre Dame de la Salette,
Québec, a landslide into the frozen Li¢vre River generated a wave of water containing ice
blocks that destroyed 12 houses and claimed 33 lives. It was eastern Canada's largest

landslide disaster.

Underwater landslides occur on the steep underwater slopes of deltas in lakes and
the sea as well as on the slopes of the continental shelf. Damage may be caused to

structures sited on the edge of deltas when underwater landslides involve the delta
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surface. At Woodfibre, British Columbia, such a landslide caused damage to wharves
and warehouses in 1955. In 1975, at Kitimat, British Columbia, a large failure on the
underwater slope of the Kitimat delta generated an 8 m wave that swept around the _

shores of Kitimat Arm and damaged wharf facilities.

Destructive potential of landslide-generated waves has also been recognized at
many other locations in the province of British Columbia. Such locations include the
Fraser River, Sturgeon Bank, Harrison Lake, Okanagan Lake, Columbia River, and
Kootenay Lake. Some experimental work and studies of such potential have been carried
out by Northwest Hydraulic Consultants Ltd. (1970, 1976, 1980 and 1990) as well as
other authors (Chaudhry ez al. 1983).

Floating bridges, dams, wharfs and marinas, and residents at waterfront locations
are all under threaten if catastrophic events such as landslide-generated tsunamis occur.
To mitigate damages caused by landslide-generated waves, comprehensive studies
involving cooperative works by geologists, geotechnical experts and coastal engineers are
in great need. The theoretical method and numerical models presented in this thesis

provide a relative easy-to-use, flexible and powerful means for such tasks.
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CHAPTER 7 CONCLUSIONS AND
RECOMMENDATIONS

7.1 Summary

A time-domain boundary element method has been developed to treat linear waves
generated by a landslide of arbitrary shape into a water body of constant depth. By
solving the first-order boundary value problem in the time domain, the present method
has greater versatility, less complicated algebra and requires less computer resources
compared to other numerical methods. Numerical models to simulate waves generated
by either wave paddles or horizontal-moving landslides have been set up and validated by

comparisons with a number of available analytical, numerical and experimental results.

The major difficulties associated with the full nonlinear problem on landslide-
generated waves arise primarily from the two nonlinear free surface boundary conditions
applied on the instantaneous free surface, which itself is unknown a priori, and from the
poorly defined radiation condition in the time-domain. Considering linear waves only
and based on the assumption that the wave amplitude is moderate, the nonlinear terms in
the free surface boundary conditions are neglected and the simplified boundary
conditions are applied to the still water surface. The field solutions on a time-
independent boundary which includes the still water surface are then obtained by the
application of a boundary integral equation. Since the boundary is invariant in time, the
solution to the system of simultaneous equations obtained through the discretization of
the integral equation is required only once, rather than at each time step. The flow
potential at each time step is then obtained through solving the integral equation. The
Sommerfeld radiation condition applied to the open boundary is modified to include a
time-dependent celerity that is numerically assessed. For wavemaker problems, a
combined Sommerfeld radiation condition and sponge layer damping technique is applied
to the open boundary to achieve steady wave profiles. The initial conditions correspond
to a simplified horizontal landslide movement following a sinusoidal speed profile, and

the velocity potential is developed in time and space through the gradual imposition of
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body surface boundary conditions. The free surface boundary conditions and the

radiation condition are then satisfied by a numerical integration in time.

Although the computer program for the three-dimensional problem which generates
and solves the matrix equation is computationally intensive, the left-hand-side matrix in
the matrix equation involved in the formulation is a function of geometry and
discretization only. Results of the left-hand-side matrix generated by the program can be
stored in the disk memory, and used subsequently in the time-stepping program for
different landslide scenarios and varying simulation durations. Because of this, the

application of the present method with a larger number of facets is economically feasible.

The numerical models are coded in FORTRAN90 programming language, and
utilize numerical routines in the IMSL Math Library included in the Microsoft Fortran
Power Station (version 4.0) package. These numerical routines assess the accuracy of the
matrix solution by evaluating condition numbers and issue a warning message when the
matrix is ill-conditioned. If no warning message is issued, the solution is considered to
be accurate to at least the machine precision. Features of dynamic allocated arrays are
implemented in the programs so that the rank of the matrix equation can be specified by

users at runtime.

The numerical models are validated by comparisons of numerical results with a
number of analytical, numerical and experimental results from previous studies for both
the wavemaker problems and the landslide problems. Good agreement has been obtained

in all cases:

Dimensional analysis and a number of numerical simulations were carried out to
study the characteristics of waves generated by a horizontal landslide movement.
Engineering curves were also developed based on the numerical simulation results to
provide order-of-magnitude estimate on wave heights generated by such slides. Finally, a

case study was carried out to demonstrate the application of the numerical results.
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7.2 Conclusions

The following conclusions have been obtained through the numerical study of the

landslide-generated waves:

e The numerical results indicate that, for horizontal landslide movement, the generated
leading wave has the maximum amplitude. A number of smaller “wake waves” are

also generated following the leading wave.

e For a specified landslide dimension and amplitude, the shorter the landslide duration

or the higher the landslide speed, the higher are the waves generated.

e For a specified landslide duration and amplitude, the larger the width (dimension) of

the landslide, the higher are the waves generated.

e Landslide-generated waves decay as they propagate. In two-dimensional cases, wave
heights tend to converge to 0.4a, far away from the landslide unless d/ gT? is
unduly small (say less than 0.01), where a, is the landslide movement amplitude. In

three-dimensional cases, waves decay much faster.

e In three-dimensional cases, when the landslide duration is relatively short or the
landslide spéed is relatively high, waves élong the centerline of the landslide are
generally higher than those in other directions. When the landslide duration is
relatively long or the landslide speed is relatively low, the generated waves propagate

evenly on the water surface.

e For three-dimensional landslide-generated waves, contours of dimensionless wave
height as a function of location for various b/d and d/gT? values have been

developed. These contours can be used to predict landslide-generated waves in

engineering applications.

e The wave heights in two-dimensional cases or those at the centerline of the slide in

three-dimensional cases as a function of distance from the slide source have been
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found to follow an approximate exponential relationship. Parametric engineering
curves of such relationships have been developed and presented to estimate order-of-
magnitude landslide-generated waves for the purpose of engineering applications.
With these curves, engineers are able to quickly estimate wave amplitudes at
locations that are a certain distance away from the slide source given the slide

duration and displacement.

e It has been demonstrated that some slump-type landslides. can be approximated to a
horizontal moving body, and hence be simulated using the numerical models
developed in this thesis. A case study on the Skagway Harbour landslide was carried
out in which the slide was treated as a slump-type slide. Numerical simulation results

on wave heights show good agreement with the field measurements.

7.3 Recommendations for further study

In this thesis, a time-domain boundary element method has been developed to study the
landslide-generated waves. The numerical models have been set up to simulate waves
generated by a horizontal landslide movement, and have been validated against a number
of available analytical, numerical and experimental results on both wavemaker and
landslide problems. The numerical simulation results demonstrate a number of features
of interest, and may be used to supply detailed wave information for other wave models
that account for diffraction, refraction and shoaling effects as waves propagate away from
the landslide site. The work carried out and the study performed of the related literature
indicates that there are several extensions of the present research, which may improve the
overall undgrstanding and prediction of landslide-generated waves.  Prospective

extensions of the present study are as follows:

e An experimental study on waves generated by horizontal landslide movement would
further validate the numerical models. Additional experimental studies on other types
of landslide, such as slump-type landslide, would be useful to assess the extent to
which the numerical simulation results for vertical walls and horizontal landslide

movement may be applied to slump-type landslide movement.

66
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With modifications to the discretization scheme, the numerical method can be
extended to simulate waves generated by landslides of arbitrary shapes, submarine

landslides, earthquake-induced seabed displacements, and other scenarios.

The landslide motion has been assumed to follow a half sinusoidal curve in the
present study. However, various real-time landslide motions can also be simulated
provided the time-histories of such motions are available. Examination of the

influence of landslide motions can then be assessed through numerical simulations.

In the present study, only linear waves are considered. For nonlinear wave effects,
the present method can be extended based on the Stokes second-order expansion
procedure. The nonlinear free surface boundary conditions defined on the
instantaneous free surface can be expanded at about the still water level by a Tayldr

series expansion and terms up to the second order be retained through a perturbation

procedure (Isaacson, 1991). .
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No. | ey | Cppast e | Comet Ve ||
1 20.0 | 64.6 0.001 0.10 . 0.1
2 10.0 32.0 0.002 0.20 0.2
3 5.15 15.9 0.004 0.40 0.4
4 3.10 9.1 0.007 0.69 0.7
5 2.30 6.2 0.010 1.01 1.0
6 | 1.72 4.2 0.014 1.50 1.4
7 1.45 3.1 0.017 2.03 1.7
8 1‘.28 2.5 0.019 - 2.51 1.9
9 1.16 2.1 .0.020 2.99 2.0
10 1.08 1.8 , 0.021 3.49 2.0
11 1.00 1.6 0.021 3.93 2.0

Table 1 Numerical simulations of two-dimensional wavemaker problem (d=1.0m, a, =
0.02 m).
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Test Case A B C D
Wave Basin 6.16 m x 8.22m x 6.16 m x 10.96 m x
Dimension 1232 m 16.44 m 1232 m 21.92m

Wave Paddle Width 0.77 m 2.74m S5m Sm
Wave Paddle 1.0s 14s 1.0s 14s
Motion Period

Note in all test cases:

e Water depth was 0.63 m;

e Wave paddle motion magnitude was 0.02 m;

e Simulation duration was 10 s;

e Water surface was digitized into a 48 x 48 mesh;

e Water depth was digitized into 4 segments;

e The total numbér of facet was 2,880.

Table 2 Test cases for three-dimensional wavemaker problems.




Note:

Time 41s 6.5s 8.1s 9.7s
|n|Dz =, | 3.04E-4m | 3.99E-5m | 5.01E-4m | 6.86E-4 m
‘TI|D3 ~1,, 3.93E-5m | 5.58E-5m | 6.64E-5m | 7.34E-5m
’n,m _nloz | 1
T 0.129 0.140 0.133 0.107
Ilo, =7l |
Convergénce
1.86 1.79 1.84 2.03
Order k
HEDJ “1 = ,
1 5.84E-6m | 9.08E-6m | 1.02E-5m | 8.81E-6 m
3k _1‘n|1), _nln2 .

For all cases, wave tank length = 30 m, sponge layer length = 5 m, water depth =

1.0 m, wave paddle motion magnitude = 0.02 m, wave period = 2.3 s.

Scherhe D;: 60 segments on water surface, At =0.081 s.

Scheme D,: 180 segments on water surface, At = 0.009 s;

Scheme Dj3: 540 segments on water surface, At = 0.001 s.
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Table 3 Accuracy of numerical discretization for two-dimensional wavemaker problem.
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Time 04s 0.6s 09s 1.1s
Mo, ~Mp,|, | 977E-4m | 1.70B-3m | 131E-3 |2.66E-3m
Mo, =", |, 1.39E-4m | 1.99E-4m | 2.94E-4 | 4.09E-4 m
lnlm —rlll)2 1 :
T Tor | 0142 0.117 0.146 0.154
o, —7l, |

Convergei?ce Order 0.89 0.98 0.88 0.85

”EDJ 1
1
9k —1‘

231E-5m [ 2.65E-5m | 5.02E-5 | 7.42E-5m

n|D3 _nloz

1

Note: For all cases, wave basin length = 1‘.54 m, width = 3.08 m, sponge layer length =
0.77 m, water depth = 0.63 m, wave paddle motion magnitude = 0.02 m, wave

period=1.0s.
e Scheme D,: 6x6 mesh on water surface, At = 0.081 s;
o Scheme D,: 18x 18 mesh on water surface, At = 0.009 s;

e Scheme Dj;: 54 x 54 mesh on water surface, At = 0.001 s.

Table 4 Accuracy of numerical discretization for three-dimensional wavemaker problem.
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(e) wedge sliding down a slope (f) submarine landslide

Figure 1 Sketches of various types of landslide-generated waves.
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Figure 2 Definition sketch of the problem of landslide-generated waves — plan view.
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Figure 3 Definition sketch of the problem of landslide-generated waves — side view.
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Figure 7 Side view of three-dimensional wavemaker problem and sponge layer
technique (wavemaker problem).
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Figure 9 Discretization of two-dimensional landslide problem.
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Figure 10 Numerical simulation of two-dimensional wavemaker problem: wave profile
at different times (d =1 m, a,=0.02 m, T =2.3 ).
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Figure 11 Numerical simulation of two-dimensional wavemaker problem: wave

elevation at fixed locations (d=1m, a, =0.02m, T=2.3 s).
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Figure 12 Comparisons of dimensionless wave height between theoretical solution and
numerical results for steady state two-dimensional wavemaker problem.
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Figure 13 Comparisons of dimensionless wave amplitudes at fixed locations between

Noda’s theoretical solution and numerical results on two-dimensional landslide
problem when simplified landslide is moving horizontally at a constant speed.
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(a) Plan view of the wave basin (A, B, C, D, E, F are the numerical probes in the
numerical simulation).

5

(b) Experimental wave measuring points.

Figure 14 Experimental setup by Takayama (1984).
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Figure 16 Numerical simulation of three-dimensional wavemaker: wave elevation at
fixed points (numbers in brackets showing the coordinates of fixed points in
metres).
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............................... Theoretical solution
Numerical results

Figure 17 Comparisons between theoretical solutions and numerical results of three-
dimensional wavemaker problem for b/L. = 0.5 (contours showing values of

H/a,).
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Figure 18 Comparisons between theoretical solutions and numerical results of three-
dimensional wavemaker problem for b/L = 1.0 (contours showing values of

H/ay).
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Figure 19 Comparisons between the numerical results and Takayama’s theoretical and
experimental results in x direction for three-dimensional wavemaker problem
(T=1.05).
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Figure 20 Comparisons between the numerical results and Takayama’s theoretical and
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experimental results in y direction for three-dimensional wavemaker problem

(T=1.05).
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Figure 21 Comparisons between the numerical results and Takayama’s theoretical and
experimental results in x direction for three-dimensional wavemaker problem
(T=145).
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Figure 22 Comparisons between the numerical results and Takayama’s theoretical and
experimental results in y direction for three-dimensional wavemaker problem
(T=1.45).
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Figure 23 CPU time as a function of the rank of the matrix equation for the two-
dimensional problem (100 time steps).
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Figure 26 Wave elevations at the centerline of the wave basin for three discretization

schemes (t = 0.5 s).
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Figure 27 Wave elevation as a function of distances for two-dimensional landslide-
generated waves (d = 0.63 m, a,=0.01 m, T/2=0.9 s).
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Figure 28 Wave elevation as a function of time at fixed locations for two-dimensional
landslide-generated waves (d = 0.63 m, a,=0.01 m, T/2=10.9 s).
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Figure 31 Contours of dimensionless wave height H/a, as function of dimensionless

location for b/d = 1.0 and various d/gT? values from numerical simulations of
three-dimensional landslide-generated waves.




105

8 dlgT"= 006, bld = 2.0 : ' '

5 02 I

4- \ m |
x/d 3 ]

c,,ﬂ°Wﬁm\

sz T
. fﬁ\\ |
i: TSN

3 g? & é’ﬁ )
S | : ' LN > .
S TaigT = 0.02, bid =20 | ' ! ' I
5_ L
4_ L

xid 3 o M\% . I
2 °'3\ I
R\

T
2 A

03

o
o—02

y/id

Figure 32 Contours of dimensionless wave height H/a, as function of dimensionless

location for b/d = 2.0 and various d/gT? values from numerical simulations of
three-dimensional landslide-generated waves.
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Figure 34 Dimensionless wave heights at the centerline of wave tank (y/d = 0) as function
of x/d for various b/d and d/gT? values from numerical simulations on three-
dimensional landslide-generated waves.
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Figure 36 Design curves of a and § parameters in determining two-dimensional
landslide-generated wave heights governed by H/a, = OL(X/ d)[5 for various
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H/a, = a(x/d)’ for various b/d and d/gT? values.
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Figure 38 Location of Skagway Harbour and the landslide area (Kulikov et al.

1996).
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Figure 39 Geologic section in the middle of landslide area (Cornforth ef al. 1996).




