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ABSTRACT

INVESTIGATION OF HYDRODYNAMIC DEMANDS OF TSUNAMIS
IN INUNDATION ZONE

Ozer, Ceren
M.Sc., Department of Civil Engineering
Supervisor : Assoc. Prof. Dr. Ahmet Cevdet Yalginer

February 2007, 124 pages

This thesis analyzed the new parameter “hydrodynamic demand” repre-
senting the damage of tsunami waves on structures and coastlines,
maximum positive amplitudes and current velocities occurred during
tsunami inundation by using the numerical model TUNAMI-N2. Regular
shaped basins were used with two different bottom slopes in analyses in
order to understand the behaviour of tsunami wave and investigate the
change of important tsunami parameters along different slopes during
tsunami inundation. In application, different initial conditions were used for
wave profiles such as solitary wave, leading elevation single sinusoidal
wave and leading depression sinusoidal wave. Three different initial wave
amplitudes were used in order to test the change of distribution of the
hydrodynamic demand. The numerical results were compared and
discussed with each other and with the results of existing analytical and

experimental studies.

Keywords: Tsunami, hydrodynamic demand, inundation, wave front
velocity, current velocity, water surface elevation, solitary wave, leading

elevation wave, leading depression wave
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DEPRESIM DALGALARININ BASKIN BOLGESINDE OLUSTURDUGU
HIDRODINAMIK ETKI DUZEYLERININ ARASTIRILMASI

Ozer, Ceren
Yiiksek Lisans, Ingaat Mihendisligi Bolimi
Tez Danismani : Dog. Dr. Ahmet Cevdet Yalginer

Subat 2007, 124 sayfa

Bu tez calismasinda, tsunami dalgalarinin kiy1 ve kara yapilarina verdigi
hasari ifade eden ve yeni bir parametre olan “hidrodinamik etki dizeyi’nin
dagilimlari, depresim dalgasi esnasinda olusan maksimum pozitif genlikler
ve akinti hizlari, numerik model TUNAMI-N2 kullanilarak analiz edilmek-
tedir. Analizlerde, baskin esnasinda olusan 6nemli depresim dalgasi
parametrelerinin degisimlerini arastirmak amaciyla iki farkli taban egimine
sahip dizgun sekilli basenler kullaniimistir. Uygulamada tek dalga, éncu
yukselen tek sinusoidal dalga ve 6ncu c¢coken tek sinusoidal dalga gibi
dalga profilleri igin farkh baslangic durumlar segilmistir. Hidrodinamik etki
dizeyi dagilimlarindaki degisimi analiz etmek amaciyla farkh baslangic
dalga genligi ve periyotlari kullaniimistir. Elde edilen numerik sonuglar
birbirleri ve mevcut analitik ve deneysel sonuglarla karsilastinimistir.

Anahtar Kelimeler: Depresim dalgasi, hidrodinamik etki dizeyi , baskin,

dalga 6nydzl hizi, akinti hizi, su ytzeyi yiksekligi, tek dalga, éncu yikse-

len dalga, dnclu ¢dken dalga
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CHAPTER 1

INTRODUCTION

Tsunamis are water waves which transfer short-duration energy to the
entire water column in large scales as a result of earthquakes, coastal and
submarine landslides, volcanic eruptions, or meteor impacts. The number
of waves and polarity of the initial wave depend on the seabed motion,
and the following development over the sea bed ground is explained by

long wave theory (Simer et al., 2007).

Tsunamis generated by landslides may access huge amplitudes in closed
basins or shallow regions. These waves are generally classified as long
period waves and now all adopted as “tsunamis”. In history, the description
of tsunamis has first been done 2500 years ago by Thucydides,
Herodotus, Aristotle and later on by Strabo. Thucydides in his work History
of the Peloponnesian War had come to the conclusion that there is a
relation between earthquakes, great waves and topography by observing
the frequent earthquakes and a tsunami in 426 B.C. He had defined his
observations about the changes in the sea as it "subsided from what was
then the shore and afterwards swept up again in a huge wave"
(Thucydides 247; 3.89) (Sumer et al., 2007).

After the terrible disaster 1896 Great Meiji tsunami in Japan, caused the
death of more than 22000 people, the word “tsunami” had begun to have
been declared outside Japan. It was used in the meaning of harbor wave,
since tsunamis had commonly occurred as unusual waves in ports and
small bays. Furthermore, tidal wave is the English translation of a Greek
term which is used for defining tsunamis since tsunamis mostly indicate

themselves along the coastlines as surges or rapid changes in water level.
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Tsunamis are divided into two categories due to the location of their
occurrence. The first category is named as near-field, near-shore or local if
the tsunami sources are within 100km off the shoreline. The second
category, referred to as transoceanic or far-field, is occurred if tsunamis
propagate across the open ocean. Nonetheless, this kind of denomination
of tsunamis depends on the reference shoreline means that some
tsunamis can be called as near-field with respect to the closest shore and
as far field with respect to the further locations. For instance, in the
December 26, 2004 Great Sumatra Tsunami, since they are very close to
the source, tsunami was a near-field tsunami for Aceh, Thailand and the
Andaman/ Nicobar. However, tsunami was referred to as far-field for India,
Sri Lanka, Maldives and East Africa. In the case of far-field propagation,
the wave energy is mostly dispersed along the direction perpendicular to

the fault strike.

Tsunamis generated by fault break (tectonic tsunamis) and by landslides
have comparatively different characteristics. Waves caused by landslides
generally have only near field impact. Their wave lengths are shorter than
that of waves triggered by tectonic motions. All the same; the depth,
thickness and initial acceleration of the landslide significantly affect the
initial amplitude of wave. For tectonic tsunamis, the length of fault rupture
and the slip are the determining factors of the wave amplitude. In general
tectonic tsunamis radiate energy in a direction perpendicular to the axis of
the triggering fault (Ben-Menahem and Rosenman, 1972, in Simer et al.
(2007)), and propagate long distances.

Structural damages by tsunami waves can be estimated by calculating the
impact forces on these structures. The impact forces concerned in this
study are drag force and hydrodynamic force. A certain number of
important studies had been carried out to find the drag force exerted to the
coastal structures. The detailed information about this subject is given in
Chapter 2.



There are different approaches about the selection of the velocity
component normal to the object over the flow depth. Namely, the variation
is using either flow (current) velocity or wave front velocity in the
computation of drag force. Yeh (2006) studied on the tsunami forces in the
runup zone evaluated by using the algorithm recently developed by Carrier
et al. (2003). He estimated the horizontal fluid force resulting from tsunami
run up/ drawdown processes onto a uniformly sloping beach. Yeh (2006)

uses current velocity in the calculation of maximum impact forces.

Ramsden and Raichlen (1990) made a laboratory experiment for
calculating the forces on a vertical wall due to the impact of a bore. They
use front velocity in their approach. However, their studies and results can
not be directly a reference for this thesis study since they investigated a
bore generated by a broken wave to produce impact forces. It means that
their approach is only valid if the tsunami triggering wave breaks. The

detailed information about this study is given in Chapter 2.

Furthermore, Yalciner and Synolakis in Simer et al. (2007) computed the
hydrostatic force and drag force by using the current velocity. Differently
from other approaches, they normalize the drag force by using the
hydrostatic force and introduce a new term called damage metrics,
recently called Hydrodynamic Demand. This term can be referred as an
identifier in the determination of structural damage.

This study is focused on investigating the behaviour of current velocity,
wave front velocity and distribution of hydrodynamic demand in shallow
region and in the inundation zone by using numerical model TUNAMI-N2.
In chapter 1, an introduction is given to the study including a brief
information about the types and causes of the tsunamis and their different
characteristics. Also, it covers an overall view to the different approaches
for calculating the impact forces occured during the tsunami inundation.

Chapter 2 describes literature survey carried out for this study. It gives the
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details of different approaches about calculating the impact forces with the
related equations. In Chapter 3, the theoretical and numerical background
are given. Theoretical background deals with the direct effect of tsunamis
on different coastal structures and numerical background includes
equations and details of the new module inserted in numerical model
TUNAMI-N2. The application of the numerical model on a regular shaped
basin is given in Chapter 4, where different scenarios are used and all
parameters in the model are explained in detail. In Chapter 5, general
evaluation, comparison and discussion of the results are presented with
conclusions. In Chapter 6, suggestions for further studies are given in the
light of comparisons and discussions.



CHAPTER 2

LITERATURE SURVEY

The amplification of tsunami amplitudes at coasts and resulting strong flow
velocities are main cause of impact by tsunami waves. There are two
types of tsunami effects, named as indirect and direct effects. Indirect
effects occur due to the resonance of the enclosed basins by tsunami
waves. On the other hand, the direct effects, which are very extensive and
disastrous, cause the dragging of the whole structures, damages in the
buildings with accumulated shoreline debris, undercutting of the founda-

tions and pilings with erosion, and overturning of huge structures.

The two main parameters causing damage during tsunami inundation are
water surface elevations and velocity. The approaches for determining the
impact forces caused by tsunami inundation need clarification on the
selection of type of velocity to be used. There are two different types of
velocities to be considered for the computation of hydrodynamic demands
during tsunami inundation. These velocities are current velocity and wave
front velocity which may show different behaviors. Therefore, it is essential
to determine the effects of these velocities when the tsunami waves come
to the shoreline and begin to threat the coastal structures and human

lives.

Structural damages by tsunami waves can be estimated by calculating the
impact forces on structures. The impact forces concerned are in general
drag force. Force in the direction of flow exerted by the fluid on the solid is
called drag. The drag force Fp is generated by the square of velocity
component normal to the element and normal to the lift force. The

magnitude is adjusted by a drag coefficient Cp, depending on the shape of
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structure and Reynolds number. The drag force occurred during tsunami
inundation should be estimated in order to determine the structural
damage.

A certain number of important studies had been carried out to find the drag
force exerted to the coastal structures. There are different approaches
about the selection of the velocity component normal to the structure
surface over the flow depth. Namely, the variation is using either flow
velocity or wave front velocity in the computation of drag force. These
approaches are described in the following.

Yalginer and Synolakis in Simer et al. (2007) give a brief review of gener-
ation, propagation and coastal amplification of tsunamis. A different
approach is provided for calculating impact of tsunamis on marine
structures directly and indirectly. They introduced a new term called
Hydrodynamic Demand which is the normalized form of drag force by
hydrostatic force. This new term enables the researchers to evaluate the
level of damages on structures. The details about this approach are also
given in Chapter 3. In this study drag force is calculated from

F, :%chAu2 (2.3)

where A is the cross-sectional area exposed to drag force, C,, is the drag

coefficient which is the shape parameter and should be less than 2, u is

the current velocity and p is the fluid density. Yalginer and Synolakis in

SUmer et al. (2007) stated that evacuation of coastal areas that are under
the risk of tsunami inundation is very essential in order to prevent loss of
life. They emphasized that this is only feasible with rationalistic planning by
determining the coastal areas under the risk of submarine hazards. They

also offered some specific tasks for preparedness and mitigation studies.



Yeh (2006) studied on the tsunami forces in the runup zone evaluated by
using the algorithm recently developed by Carrier et al. (2003). In this
study, he estimated the horizontal fluid force resulting from tsunami runup/
drawdown processes onto a uniformly sloping beach. The maximum force
per unit width is determined by

FZ%CDphu2 (2.1)

where C,, is the drag coefficient suggested as 1.0-2.0 by Arnason (2004),

p is the fluid density, & is the total flow depth and u is the velocity of flow.

He offered some figures showing the spatial distribution of the maximum
momentum flux between initial shoreline and the maximum runup locations
for various tsunami conditions. In addition, he concluded that since his
estimation is theoretically based on clear assumptions, results in one of
these figures can be a basis of a design guideline for building tsunami
resisting structures in runup zone. He also stated that it is very essential to

estimate the drag coefficient C, accurately for calculating the fluid force

on an object.

A further approach was offered by Ramsden and Raichlen (1990) as a
Ph.D. study in California Institute of Technology. They performed laborato-
ry experiments and measured the forces on a vertical wall due to the
impact of a bore being triggered by a broken solitary wave. The details
about their experiment are given in Chapter 3. The measured force was
compared with the force calculated from

2
Fr :( n+d, J vac, N (2.2)
iyb(H]+d % H +d, (H,+d,)

2 "

where F, is the total force on the vertical wall, 7 is surge profile, H, is the
surge height, » is width of vertical wall, 4 is water depth at the wall, C,
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is the force coefficient calculated as C, =1+(tan8)'* and generally

C .
suggested between 7.4and 2.1, and N, :f where ¢ is the measured
gH,

incident bore velocity.

The velocity used in Ramsden and Raichlen’s (1990) approach is the
wave front velocity. However, their approach is valid if the solitary waves
triggering the tsunami break. Since the existing numerical models do not
simulate breaking well, the relations and results in Ramsden and Raichlen
(1990) can not be compared with numerical studies.

One of the important studies on the runup of long waves is
Synolakis,1987. In this study, runup of solitary waves on plane beaches
are investigated by analytical and experimental comparisons. Synolakis
(1987) proposed a runup law as the relation for the runup of non-breaking
solitary waves as a function of incoming solitary wave height and beach
slope. By solving the linearized long wave equations for the canonical
problem, Synolakis (1987) derived the runup law for the non-breaking

solitary waves as

1 5
S = 2.831(cot[3)2(%)4 (2.4)

where R is the runup of solitary waves, H is the amplitude of solitary
wave, d is the water depth at the toe of the sloping beach, and g is the

angle of sloping beach with horizontal.

In addition, the breaking condition of solitary waves on a sloping beach is
presented by Gjevik & Pedersen (1981) in Synolakis (1987) as:

% > 0.479(cot 3)

_10
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The relations (2.4) and (2.5) were obtained from analytical derivations.
They are also verified in excellent agreement with numerous laboratory

experiments for solitary waves by Synolakis (1987).

He also concluded that the runup variation is different for breaking and
non-breaking solitary waves. Furthermore, different criteria had been
applied for determining if a solitary wave of given H /d ratio will break as
it climbs up a sloping beach and for determining if it will break during the

rundown.

Kanoglu (2004) solved the initial value problem of the nonlinear evolution,
shoreline motion and flow velocities of long waves climbing sloping
beaches analytically for different initial wave forms. He proposed that, any
initial wave form can first be represented in the transformation space using
the linearized form of the Carrier-Greeenspan transformation for the
spatial variable, and then the nonlinear evolutions of these initial
waveforms can be directly evaluated. After necessary transformations, he
introduced a simplified equation for the calculation of runup/rundown
motion of the shoreline. This approach is applied to Gaussian and leading-
depression N-wave initial forms presented by Carrier et al. (2003) and
results are compared. The method is also applied to the different N-wave
initial  forms, such as leading-depression isosceles N-wave and
generalized N-wave initial forms, presented by Tadepalli and Synolakis
(1994), and some similar trends are observed in the maximum runup

results.

Kanoglu (2004) concluded that his study appears simpler than in Carrier at
al. (2003) and produces identical results since his analysis does not need
to solve singular elliptic integrals. He also suggested that, based on the
convenience of nonlinear shallow-water wave equations for the quantita-

tive and qualitative predictions, the method outlined in his study may be



useful to assess the impact of long waves generated by seafloor

displacements and to validate numerical codes.

Long wave runup on piecewise linear topographies is investigated in
Kanoglu and Synolakis (1998). In their study, they develop a general
solution method for determining the amplification factor of different ocean
topographies consisting of linearly varying and constant-depth segments
to study how spectral distributions evolve over bathymetry, and apply their
results to study the evolution of solitary waves.

Liu et al. (1995) investigated runup of solitary waves on a circular island.
They studied the interactions of solitary waves climbing up a circular island
and described a series of large-scale laboratory experiments with waves of
different incident height-to-depth ratios and different crest lengths. They
also developed a numerical model based on the two-dimensional shallow-
water wave equations including runup calculations. Under certain condi-
tions, they observed runup and wave trapping on the back side of the

island by using this numerical model.

OCDI in “Technical Standards and Commentaries for Port and Harbor
Facilities in Japan” (2002) explains the transformation of tsunami in a bay
with related commentaries and technical notes. They stated that during
tsunami inundation in a bay, the most important types of transformations of
tsunami are the increase in wave height and flow velocity caused by the
decrease in the cross-sectional area toward the end of bay, and the
increase in wave height induced by seiche in a bay. Under the assumption
of small amplitude waves, they suggested to use Green’s equation in order

to calculate the influence of the change in cross-sectional area as given
1/2 1/4
H B h
Zo_| 2o 2o (2.6)
H B h
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Here, H is height of long waves for a cross section with the width B and

the water depth # (m), and H, is height of long waves for a cross section
with the width B, and the water depth &, (m). They also specified that this

equation is applicable in case of having gentle variations in both the width
and the water depth, and having no reflected waves moving offshore.
They added that this equation does not consider the energy loss due to
friction and also can not be applied to the area of shallow water when
there are reflection effects at the end of the bay.

In the light of these studies in literature, the distribution of a new
parameter, suggested by Prof. Dr. Mustafa Erdik and approved by
Synolakis and Yalginer (2005), and named as hydrodynamic demand, is
investigated during tsunami inundation together with the distributions of
major tsunami parameters as maximum positive amplitudes and maximum
currents using numerical model TUNAMI-N2. The details of this study are

given in the following sections.
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CHAPTER 3

THEORETICAL & NUMERICAL BACKGROUND

3.1 Theoretical Background

When tsunamis begin to approach to the shoreline or propagate into bays,
they initially show a classic attribute that is described by linear long wave
theory in deep sea (Sumer et al., 2007). Since the wave height increases
and wave length decreases while coming close to the shore, nonlinear
effects of tsunamis often become significant. In case of wave breaking, the
behavior of bores can be clearly observed. There are several examples of
this phenomenon in the amateur video clips taken from several locations in
Indian Ocean during December 26, 2004 tsunami event. In addition,
documents from the 1960 Chilean tsunami impact in Hilo, Hawaii are also

very useful sources for understanding this behavior.

The major effect of tsunami is the direct effect on coastal and marine
structures which can be very extensive and often disastrous. Tsunami
waves can (1) drag the whole structures or their units at land or vessels in
the sea, (2) damage the buildings with accumulated shoreline debris
carried on the advancing wave fronts, (3) undercut foundations and pilings
with erosion caused by the receding waves, (4) overturn structures by
suction of receding or thrust of advancing waves, (5) cause damage of
large ships with docks during oil or cargo transfer procedures having the
risk of destructive fires (see examples in Figure 3.1). The fire damage can
be quite unexpected as observed during the 1998 Hokkaido-Nansei-Oki
tsunami that Aonae in Okushiri had exhausted by fires triggered after the

waves had calm down. Tsunami hazards are also a very great financial
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burden to the national economy since tsunami damages are enormously

hard to repair.

(a) dragging the whole structures or their (b) damaging the buildings with

units at land or vessels accumulated shoreline debris carried
in the sea on the advancing wave fronts

| 569 20,083 E == Laubang Village

(c) undercutting of foundations and (d) overturning of structures by suction
pilings with erosion caused by the of receding or
receding waves thrust of advancing waves

Figure 3.1: Direct Effects of Tsunamis on Coastal and Marine Structures

Borrero et al. (2005) stated that after the landslide scenario in the San
Pedro Escarpment in California, a tsunami can be triggered and give
damage to the ports of Los Angeles and Long Beach and the losses will
range from US$7 to US$42 billion, in addition to the losses due to

structural damage.
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Tsunami waves cause very strong currents when coming to the shallow
waters and as a result of these forceful currents, they can draw very huge
and heavy objects far inland. There are many reports and observations
about the large objects that were dragged by tsunamis and transported
inland. Figure 3.2(a) shows a beach rock drawn by the 1993 Okushiri
Tsunami. This rock has been transported nearly 30m inshore at 5m
inundation height from the shoreline (Yeh, 2006). Another mind-bending
event as an evident of this phenomenon is the 1868 Arica, Chile Tsunami
which had moved a huge ship about 3.2 kilometers (2 miles) inland. The
more interesting thing is that the same ship has been moved back to shore
during the 1877 Arica Tsunami and had been able to sail. Nonetheless, it
is not necessary to have mega tsunamis for object-drawing inshore. 1994
Mindoro, Philippines Tsunami is a very good example during which
tsunami waves could have floated a 6000-ton power generating barge,
broken its mooring lines, and transported it about 1.6 kilometers (1 mile)
inland up to the Baryan River (Synolakis,2003). Figure 3.2(b) shows the
barge at its final place after the drawing of tsunamis (Synolakis, 2003).
Furthermore, during the December 26, 2004 event a smaller barge and the
tug boat were carried about 100m inland at Lhongka as seen in the
photograph taken by Prof. Synolakis (Figure 3.2(c)).

It is very essential to estimate the impact forces during tsunami inundation
on account of causing collapse of high-cost coastal structures. These
catastrophic results of a tsunami event has been explicitly observed in the
December 26, 2004 Indian Ocean mega tsunami. The cost of losses
estimated as more than 270,000 fatalities, 500,000 injured, and damages
well in excess of $10 billion (NIST-NEHRP, 2005).
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Figure 3.2: (a) A beach rock drawn by the 1993 Okushiri Tsunami and located
about 30m inland at 5m height from the shoreline (Yeh, 2006). (b) The 6000-ton
power generating barge that was carried about 1.6km inland by the 1994 Mindoro
Tsunami (Synolakis, 2003). (c) A Barge and Tug Boat 100m inland (Lhongka).

The estimation of impact forces and currents is a recently-developed topic
and not enough study exists as much as those about hydrodynamic evolu-
tion and inundation computations (Synolakis, 2003). However, none of

them has been compared with laboratory or field data for accuracy.

Different methods and formulas in the literature for calculating forces on
piles, on seawalls and structures, and debris impact forces on structures
are described in the following section. Detailed information and discussion

of results are also given in Synolakis (2003).

First of all, describing the Shallow Water (SW) Equations is a priority to
explicity comprehend the calculation of impact forces given in the
following. As defined in Synolakis (2003), the SW equations describe the
evolution of the water surface elevation and of the depth-averaged water
particle velocity of waves with wavelengths large compared with the depth
of propagation. The equations assume that the pressure distribution is
hydrostatic every-where, i.e., there is no variation with depth of any of the
flow variables other than the hydrostatic pressure. One general form of the
SW equations is:
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h, +(uh), +(vh), =0
u, +uu, +vu, +gh =gd, (3.1)

v, +uv, +vv +gh =gd,

where h(x,y,t) is the disturbed water depth which is expressed by the
equation h(x,y,t)=d(x,y)+n(x,y,t), d(x,y) is the undisturbed water
depth, 7n(x,y,t) is the wave elevation measured with respect to the

undisturbed water surface, u and v are the depth-averaged water particle
velocities in the cross-shore x and long-shore y directions, respectively,

and g is the acceleration of gravity.

3.1.1  Forces due to Structure Conditions
3.1.1.1 Forces on Piles

For calculating the impact forces on coastal structures, it is firstly neces-
sary to determine the integration of pressure and the shear force over the
area that is exposed to wave motion (Synolakis, 2003). The instantaneous
wave force at time t, in the direction of wave propagation, should be
computed to find the total wave force over a cylinder with radius of r.
Assuming that a pressure is exerted on cylinder as p(R,0,z,1r), and a

tangential shear stress exists asz,,(R,0,z,t), then the total force is given

by:

7

FT(t)zL"(t)+h”U:” p(6,z,t)rcos6 de |dz +

p (D+h, 2z .
J.: U‘) T,,(0,2,t)rsin@ dﬁ}dz
where 77, and £, are the local amplitude and undisturbed water depth at

the face of pile, respectively. Here, it is assumed that these two parame-
ters do not depend on the pile diameter changes. Since Navier-Stokes
equations are not solved at this level of the calculations, it is impossible to
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determine both the pressure and tangential shear stresses through the
calculation of velocity gradients for steady flows. Therefore, a classic

simplification is carried out in Equation 3.2 and a mass coefficient C,,
including some of the dynamic pressure effects and a drag coefficient C,
including all the effects of the viscous forces on the cylinder are
considered in the equation. After involving these coefficients, the force on
a cylinder is expressed by:

L (D+h, av L (),
F o= e, pr? Cdet [ c,prvividz (3.3)

0

where V is the instantaneous horizontal velocity in the direction of wave

motion, and dV /dt is the instantaneous water particle acceleration. Since

F is a vector in the same direction with the velocity vectorV , then it is
obvious that force in Equation (3.3) is in the direction of the wave propaga-
tion (Synolakis, 2003). Actually, Equation (3.3) is the sum of added mass
and drag force terms. The absolute value of velocity V emphasizes the
change of force direction as the changes of the direction of water particle
velocity. The details are given in Synolakis (2003).

Dean and Harleman (1966) in Synolakis (2003) stated that the drag force
term, that is the second term in Equation (3.3), was defined for steady
flows. However, this derivation is used for strongly unsteady flows, such as

impact of bores, in which a careful estimation of the coefficients C, and
C,, is essential. Details about the determination of the coefficient C, are

given in Numerical Background section above.

Equation (3.3) can also be used to calculate tsunami forces on piles for
some cases. For instance, considering small amplitude wave theory, it is
only valid for irrotational flow, and therefore is not used in case of wave
breaking. Shallow-water wave theory (SW), given in Equation (3.1), is also

for irrotational flow. However, it is valid for large amplitudes, for L/d >>1,
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while small amplitude wave theory is set up on the condition of a/h<<1. If
small amplitude approximations are made for the shallow water limits, the

horizontal velocity and acceleration are expressed respectively by:

u(x,t) = (ao !/ kh)cos(kx — or) (3.4)
% =—(ac? | kh)sin(kx — or) (3.5)

Substituting Equations (3.4) and (3.5) into the Equation (3.3), assuming
that the pile is located at x=0, and using k =2z/L and o/k =+/gh, the

total tsunami force on a pile is expressed by:

F, (1) =—pp(7r’akh)C,,asin(or) + pgCa’r cos(or)|cos(or) (3.6)

It should be noted that Equation (3.6) is only valid for small-amplitude long
waves (Synolakis, 2003). Equation (3.6) also represents the forces oc-
curred as a result of earthquake-triggered tsunamis generated far field and
for landslide tsunamis which are formed as one or two waves generating
successively. For near-field tsunamis, where tsunami evolution distance is
not sufficient to develop large waves, these equations should be used with
all diligence.

Integrating the force over the height of the pile from the seabed to the free

water surface, and using the same approximations as Equation (3.3), the

total moment is calculated from:
M, (1) = %ngD ra*h cos(07)|cos(o1)| - % pgC,, 7r*akh’ sin(or) (3.7)
3.1.1.2 Forces on Seawalls

The impact forces on vertical front faces of the structures had been
calculated by Cross (1967) in Ramsden and Raichlen (1990) for which the

18



properties of incident surges propagating over smooth and roughened
bottoms were investigated. The following equation is suggested to calcu-

late the variation of the force on the wall with time as:
F 1 ’
S S " R VA (3.8)
yb(H,) 2\ H, H,

where F, is the total force on the vertical wall, n =n(x=X,,t) is the

water surface elevation on the wall located at x=X,, H, is the surge

w

height, b is width of vertical wall, C,. is the force coefficient calculated as

C, =1+(tan®)'?, and N =< where ¢ is the measured incident bore
F F \/g?
1

velocity.

For convenience in practical applications, Cross proposed using the force
due to the hydrostatic pressure from the surge depth at the wall as if the

wall were not there. It means that he calculated the surge profile 7, as if

there were no wall along the inundation zone and the bore would pass
through the inundation zone without being reflected from the wall and

without having an increase in its wave height.

On the basis of Cross (1967), Ramsden and Raichlen (1990) made
laboratory experiments and measured the forces on a vertical wall due to
the impact of a bore being triggered by a broken solitary wave. In these
experiments, the height of incident bores has shown a variation from
2.4cm to 4.9cm and their celerity was between 75¢cm/s and 126cm/s. The
maximum measured forces were about five to seven times the hydrostatic
force, depending on the height of the incident bore and the local still water
depth. Considering this experiment in detail, the measurements include
bore profiles at times before impact and during the reflection process, and
bore profiles of the horizontal water particle velocity along the surface of
the bore prior to impact, the celerity of the incoming bore, the time history
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of the force on the wall, and the variation of the runup height on the wall as
a function of time. Ramsden and Raichlen (1990) used the water depth at

the wall d, and rewrote Equation (3.8) as

2
FT =(77w +de +2CF NF2 nw Hl > (39)
lyb(Hl_"_d )2 H1+dw (H1+dw)

2 w

The measured force in the experiment was compared with the force
calculated from Equation (3.9). According to these relations, it is proved

that the impact force depends on the local water depth at the sea wall 4,

the bore height H,, and the slope of the front face of the bore tané.

Ramsden and Raichlen (1990) approach is valid for the conditions after
the wave breaking. Since the numerical model TUNAMI-N2 used in this
study does not simulate breaking well, the relations and results in
Ramsden and Raichlen (1990) can not be used for the comparison with

the numerical results of this study.

3.1.1 Forces due to Flow Conditions

Forces occurred during tsunami inundation should be investigated in order
to determine the practical design conditions of the coastal structures. The
Coastal Construction Manual (CCM), released by the Federal Emergency
Management Agency (FEMA) in USA, states that loads to be formed
during flood are (Synolakis, 2003):

- Hydrostatic forces, such as loads from standing or slowly moving

water, denoted by F

sta ?

and buoyancy forces, denoted by F,

- Hydrodynamic forces from rapidly moving water, broken and

breaking waves, tsunami runup, denoted by F,, and from structure

effects, denoted by F,

lyn
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- Forces from breaking waves, denoted by F,

rkw

- Forces from debris impact, denoted by F,

There are no published results in literature about the determination of
tsunami loads on rectangular structures. All the existing instructions make
the load calculations based on the Design Flow Elevation (DFE), which is
defined as the difference between the 100-year still-water elevation above
datum and the lowest eroded ground elevation (Simer et al., 2007). The
worst case scenario for the tsunami disaster is the tsunami flooding
together with the flooding from very strong rains (Synolakis, 2003). Hence,
it should be over-viewed whether DFE is different than base flood
elevation (BFE), represented the elevation associated with the “100-year
flood”, or a flood with a 1% chance of occurrence in any given year.
Furthermore, DFE have to include the effects of tsunamis. By the
consideration of all these points, CCM suggests that the design flood
depth is expressed by:

d =E_-GS (3.10)

N sw

where E_, is the 100-year still-water elevation above the datum, and GS

is the lowest eroded ground elevation, above the datum, adjacent to the
structure, excluding the effects of local scour. In respect of CCM, if the
flood velocities are accelerated due to some conditions, such as existence
of a flood zone near the building site, steep slopes at the site, or some
other buildings or obstructions adjacent to the structure, then the upper
bound of the design flood velocity is calculated from:

V. =2/gd. (3.11)

which is twice the long wave celerity or called SW velocity at a depth of
d..

s
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The lateral hydrostatic load per unit width is estimated from:

Fu=( 3 Jpe. 312)

The hydrostatic buoyancy force is calculated directly by the Archimedes’
principle of buoyancy, which says that buoyancy force equals to the weight
of the displaced fluid. If the structure is a floating body, buoyancy force is
directly equal to the weight of the body. However, in case of having tied
the structure foundation to the sea bottom, the buoyancy force should be
determined by using the submerged volume of the body. Then, the

buoyancy force is calculated from:

E)Olt}'dllt}' = p 8 ‘/submerged = 7 chbmerged (31 3)

The drag force F, is calculated from the following formula as:

F,= jSppva (8.14)

where A is the submerged frontal area of the pile that is exposed to

wave motion and A =2rd, . For the calculation of impact loads on piles,
CCM suggests €, =1.2 for non-breaking waves, andC, =1.75 for
breaking waves that is used with H, =0.78d,. If CCM statements about
the design flood velocity given in Equation (3.11) is used in drag force
calculation and A is substituted into Equation (3.14), then drag force is

expressed by:
F, =4C,pgd.r (3.15)

For the impact forces on vertical walls from breaking waves, CCM

recommends the following formula for calculating the wave force F,, per

rkw

unit width as:

F,., =1.1C, pgd * +2.41pgd ’ (3.16)
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where C, is the dynamic pressure coefficient ranged from 1.6 for an

“accessory structure with low hazard to human life” to 2.8 for a coastal
building to 3.6 for a high occupancy building or critical facility (Synolakis,
2003).

In the calculation of hydrodynamic force on a rectangular structure, CCM
recommends two different approaches. The determining factor of these
approaches is flood velocity V and CCM suggests using two different
formulas for calculation of hydrodynamic force depending on whether the
flood velocity V is larger or smaller than 3.03m/sec. CCM also

recommends using an equivalent dynamic flow depth calculated from:

2
d g, = (%} Y (3.17)
8

Since CCM recommends using Equation 3.11 in tsunami force
calculations, then substituting Equation 3.11 into Equation 3.17, dynamic
flow depth is:

d

=2C,d (3.18)

dyn s

When the flood velocity V<3.03m/sec, which is the same condition as flow
depth during tsunami flooding is smaller than to a limiting depth

d, =1.74 m, as shown in Synolakis (2003), the hydrodynamic force is given

by:

1
Fau =3 |psdi, =2¢,pea: 8.19)

Here, C, is the drag coefficient and depends on the relative ratio of width
of the structure b to the design flood depth d, at the front of the structure.
CCM recommends using C, =125 for b/d <12, and C, =2.0 for

bl/d,>12. The reason is that when the width of the structure increases,

23



the drag force is also increases, because the frontal area of the structure
increases and the suction pressures become smaller than hydrostatic

pressure on the back face.

When the flood velocity V>3.03m/sec, CCM recommends calculating the
hydrodynamic force from:

F,, = GJCD pvid b (3.20)

Debris loads cause serious damages during tsunami inundation. For
instance, during the 1946 Alaska tsunami, in the area mostly exposed to
significant tsunami hazard on Unimak and Senak Island, lots of logs had
been dragged by tsunami waves from a nearby lumber plant and carried to
elevations up to 42 m (Synolakis, 2003). The tsunami-borne logs are still

present along the southern coastlines of Unimak and Senak.

The size of the object being carried by the flow should be predicted for
calculating the debris impact loads. It is also necessary to estimate
whether the objects are dragging along the beach face or the ocean floor.
CCM describes a methodology for calculating forces from debris impact
forces F;, given by:

F. =wV /(gt) (3.21)

where w is the weight of the object impacting the structure, V is its
velocity, g is the acceleration of gravity and r is the duration of impact.

CCM recommends that if there is not enough criteria about the size of the

debris, weight of the object can be considered as w=454kg, with
V =,/gd, . Obviously, large objects like vehicles can not be carried with

the same speed as the tsunami current velocity. Therefore, Equation
(3.21) has to be estimated with caution (Synolakis, 2003).
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In addition, the calculation of the local DFE differs while the tsunami waves
are thrust in land. As the wave evolves up on dry land, its velocity is not
simply related to the square root of the gravitational acceleration times the
flow depth, which is simply the long wave velocity. During tsunami
inundation, the velocity in the runup zone can be as high as 3m/sec, yet
the local depth might be smaller than 30cm (Sumer et al., 2007). If
numerical results seem to be not significantly reasonable, then Stiimer et

al. (2007) recommends predicting the tsunami depth at the initial shoreline.

For the duration of debris impact 1, CCM recommends certain ranges
according to the types of structure materials (see Table 3.1). Heavier
structures on short piles have higher stiffness, therefore low values would
be used for heavier structures in the ranges, and the upper values are

preferred for lighter structures on longer piles (Synolakis, 2003).

Table 3.1: Ranges for the Duration of Debris Impact ¢ according to the Types of
Structure Materials (CCM)

Ranges for t (sec) Type of structure material
0.7-1.1 wooden walls
0.5-1.0 wooden piles
0.2-0.4 reinforced concrete walls
0.3-0.6 concrete piles
0.3-0.6 reinforced concrete piles, concrete masonry
walls and pipes

No guidelines exist in literature for erosion due to the tsunami flooding.
However, quite a few data has been collected about erosion and
deposition during tsunami inundation, which have yet to be translated and
put into standards and guidelines referred for the construction of
engineered structures (Simer et al., 2007). In literature, there are a large
number of studies about scour around cylindrical piers, valid for steady
flows and for steady flows together with the wave motion. Nevertheless,
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the only study about erosion due to tsunami flooding was performed by
Tonkin et al. (2003) in Simer et al. (2007), which was a laboratory
experiment, investigated the erosion caused by solitary waves attacking

towards a circular cylinder.
3.2 Numerical Background

The current paradigm is to model tsunamis with the nonlinear shallow-
water (NSW) equations. They can be derived directly from the Navier-
Stokes equations, if one neglects viscous effects and depth-averages the
resulting Euler equations. Their standard form is directly same with

Equation (3.1). Another representation of this relation is given by:

on, lda+n)], abla+n)_,
ot ox dy
ou du du IN _0

—tUu—+v—+g——
ot ox  dy ox

(3.22)

where 7(x,y) is the water elevation, u and v are the depth-averaged
horizontal velocities in x and y directions, respectively, d(x, y) is the undis-

turbed basin depth, and g is the gravitational acceleration.

Different methods for the numerical solution of these equations exist in
literature (Yeh et al., 1996). The current state of art for some models such
as MOST (Titov and Synolakis, 1998) allows for real time tsunami
inundation forecasting by incorporating real-time data from tsunameters
(Titov et al., 2005). MOST, TUNAMI-N2 and COMCOT calculate tsunami
inundation by computing the wave evolution on dry land and have been
validated by comparing their results with exact analytical solutions and

laboratory measurements, and results from field surveys. The model
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MOST is used most often in United States for developing inundation maps
(Borrero et al, 2003). TUNAMI-N2 was originally authored by Imamura
(1993) for the Tsunami Inundation Modeling Exchange (TIME) program
(Goto et al.,, 1997, Shuto et al., 1990). It is a registered copyright of
Professors Imamura, Yalginer and Synolakis and has been applied to
several tsunami events (Yalginer et al., 2001, 2002, 2003, 2004; Kurkin et
al., 2008; Zahibo et al., 2003; Zaitsev et al., 2002) and also computation of
resonant oscillations of basins for understanding indirect tsunami effects
(Yalginer and Pelinovsky, 2005).

In this thesis study, TUNAMI-N2 is applied by inserting new modules
which calculate and compare wave front and current velocities, maximum

positive amplitudes and hydrodynamic demand.

3.2.1 Parameters for the Computation of Hydrodynamic Demand

The main parameters used in the calculation of hydrodynamic demand are
flow velocity and flow depth. First of all, it is necessary to identify the
difference between water elevation, flow depth and runup. Figure 3.3

clearly illustrates these parameters.

Figure 3.3: Sectional View of Water Elevation, Flow Depth and Runup
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3.2.1.1 Calculation of Wave Front Velocity and Current Velocity

Wave front velocity is the velocity value occurred just in front of the wave
where flow depth is zero. Figure 3.4 shows the location of wave front and

its velocity.

Flow depth of
wave front

Figure 3.4: Sectional View of Wave Front Location

The numerical model divides the study domain into grid lines, uses finite
difference method and calculates tsunami parameters at every grid nodes.
Actually, wave front velocity should be calculated at point 1 where flow
depth of wave front is zero (see Figure (3.4)). However, this point may not
coincide with a grid node and the location of wave front can not be
captured absolutely. Therefore, certain front depths (every 10cm between

0-100cm) are used in calculations.

Figure 3.5 shows the top view of illustration of wave front velocity
calculation. As shown in figure, the study domain is divided into grid lines

having the spacing of dx both in x and y-direction.
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shoreline

SEA

Wave crestlines

Figure 3.5: Top View of lllustration of Wave Front Velocity Calculation

During tsunami inundation, the model stores the times when the selected
flow depth of wave front is just captured or at first time exceeded at each
grid nodes. Afterwards, wave front velocity and its angle are calculated
using the following relations:

y =& (3.23)
t,—L
y, =& (3.24)
Iy — 1
v, |=v+v,? (3.25)
6 =tan"| 2 (3.26)
=tan | — .
f Vx

where V. and V. are the wave front velocities in x and y direction at the
grid nodes, respectively; ¢, t,, t, are the times when the estimated flow
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depth is just captured or is just exceeded at corresponding grid node, V,
is the equivalent wave front velocity at the grid node and 8, is its angle.

The relations for current velocity are given in Equations (3.27) and (3.28)

as:

u, =+/Velx’ +Vely* (3.27)

0 —tan- Vel |
| =tan (3.28)
Vel ,

where u,_ is the current velocity and 6, is its angle. Actually, Velx and Vely

are directly equal to u and v that were calculated from Equation (3.22).
3.2.2 Calculation of Hydrostatic Force and Drag Force

For the computation of forces on the coastal and land structures, drag and
hydrostatic forces can be used. The relation for the hydrostatic force is

given by

Fo=3pusdw="p, gd A (3.29)

For the drag force, the relation is given by

1
F,= ECD o Au’ (3.30)

These approaches can be applied to calculate forces of flow onto the
objects. The hydrostatic force on structures is calculated by obtaining the
hydrostatic pressure exerted onto the calculated cross-sectional area of
structure. Figure 3.6 illustrates this phenomenon.
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Figure 3.6: Sectional View of Hydrostatic Pressure on a Coastal Structure

3.2.3 Description of Hydrodynamic Demand

Hydrodynamic demand defined in this study is a dimensionless parameter
represented as the ratio of drag force (exerted by the flow) to hydrostatic
force onto the structure. The reason is that hydrostatic force can be taken
as a reference force in order to obtain comparative dimensionless value

for drag force.

The normalization of drag force by hydrostatic force gives

1

7CDpru2
HD=5=—21
Eoolyeaa (3.31)
S P
uZ
=C
ng

Actually, u®/(gd) part is the square of Froude Number F,, which is

similarly obtained by flow velocity and flow depth. Therefore, hydrody-
namic demand can be represented by:
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HD=C,*F,’ (3.32)

The drag coefficient C, mainly depends on structure shape and
secondarily the flow conditions. It describes a characteristic amount of
aerodynamic drag caused by water flow. Two objects having the same
frontal area and exposed to same flow velocity will experience a drag force
proportional to their C, values. Therefore, drag coefficient for same
shaped structures can change with the Reynolds number (a useful
dimensionless number that is the ratio of the inertial force of the medium

over its viscous force) and also with the roughness of the surfaces.

Table 3.2 summarizes all the suggestions for the value of drag coefficient
C,.

Table 3.2: Suggestions for the Value of Drag Coefficient C,,

Reference Structure Type C, value

1.2 for non-breaking
CCM in Synolakis (2003) Piles waves
1.75 for breaking waves

All Type of Coastal | 1-25 for b/d <12

CCM in Synolakis (2003)

structures 2.0 forb/d; >12
Arnason (2004) in All Type of Coastal 10-20
Yeh (2006) structures ' '

Yalginer and Synolakis in All Type of Coastal

Stimer et al. (2007) structures less than 2

For the definition of hydrodynamic demand, the Froude number part of
Equation (3.31) is taken into account. Using current or wave front velocity,
the following relations can be developed for the determination of

hydrodynamic demand as:
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HD, = —
gh
(8.33)
V 2
HD, =—-
gh

where u, is current velocity, V, is wave front velocity, & is the flow depth

and g is gravitational acceleration.

In order to identify the distribution of hydrodynamic demands in inundation
zone, different wave characteristics as different wave type, initial ampli-
tude, period and directions, sea bottom slope and structural distribution

are investigated in the following section.
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CHAPTER 4

MODEL APPLICATION

The numerical model TUNAMI-N2 is used to investigate the distribution of
hydrodynamic demands in inundation zone. A new module is inserted in
the model to calculate the hydrodynamic demands as given in Equation
(3.33), wave front and current velocities as described in Figure 3.5 and in
Equations (3.23)-(3.25) & (3.27), and their angles as given in Equations
(3.26) & (3.28).

4.1 Model Parameters

Figure 4.1 shows a typical cross-section of the study domain. Several
wave shape, wave height, wave period and directions are used in two

different bottom slopes with and without coastal and land structures.

T:

H initial Gauge

ﬂ S0

7

Figure 4.1: Cross Section of the Basin, Location of the Initial Wave and the
Gauge Locations where the Water Surface Elevations are computed.
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Table 4.1 gives the initial wave heights in the numerical model and their
values at the toe of each slope, as 7/70 and 1/20, accordingly. The simula-
tions were performed for two different wave approaches: perpendicular
(90°) and oblique (45%). For each wave approaches, two different wave
shapes were selected, as leading elevation wave (LEW), leading
depression wave (LDW), both of which are single sinusoidal waves. The
first three initial wave heights were applied at a location about 235m
before the toe of slope. The reason for this is to avoid the effects of flow
depth changes to the wave height at the toe. The maximum positive and
maximum negative amplitudes are given in the table for each wave angle
and bottom slope. The last two rows indicate that these two simulation

series start to propagate the first waves from the toe location.

Table 4.1: Parameters used in the Model
Angle= 90° Angle= 45°
Wave height at the Wave height at the
toe(m) toe(m)
Initial wave | ~Wa%e

height(m) | Slope type LEW LDW LEW LDW
1/10 +0.35 -0.35 +0.30 -0.30
0.33 -0.43 +0.48 -0.36 +0.39
1/20 +0.34 -0.34 +0.29 -0.29
-0.33 +0.33 -0.29 +0.30
1/10 +0.79 -0.79 +0.68 -0.68
0.74 -1.00 +1.06 -0.82 +0.83
1/20 +0.76 -0.76 +0.65 -0.65
-0.74 +0.75 -0.65 +0.66
110 +0.98 -0.98 +0.84 -0.84
0.92 -1.24 +1.30 -1.03 +1.04
1/20 +0.94 -0.95 +0.81 -0.81
-0.92 +0.93 -0.81 +0.83

0.5 1/10,1/20 0.5 0.5 0.5 0.5

1.0 1/10,1/20 1.0 1.0 1.0 1.0
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Figure 4.2 and Figure 4.3 show three-dimensional view and top view of the
study area, respectively. Two basins having open boundaries and the
bottom slopes of 1/10 and 1/20 are shown with their dimensions. As seen

from figures, the location of shoreline is same for both of the basins.

AV

790™ | 500™ | 210" |
[ [ [ I

(a) BASIN 1 — Slope: 1/10

1K

| 200" | 1000"

(b) BASIN 2 - Slope: 1/20

Figure 4.2: Three-Dimensional View of (a) Basin 1 with slope of 1/70 and
(b) Basin 2 with slope of 1/20.
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REGULAR SHAPED BASINS
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Slope: 1/10 Slope: 1/20

Figure 4.3: Top View of Basin 1 with Bottom Slope of 1/10 and Basin 2 with
Bottom Slope of 1/10

Figure 4.4 shows top view of the study domain with its dimensions as
1500m in x-direction and 3000m in y-direction. Grid spacing is the same in
both directions as 5m. Therefore, study domain has 301 and 601 grid
nodes in x and y directions, respectively. After checking the necessary
duration for the arrival of wave to the shoreline with trial simulations, the

simulation time was estimated as 4 minutes for both of the wave periods.
As described in Chapter 2, there are different approaches for the decision

of flow velocity type used in impact force calculations. Therefore, it is

necessary to compare the results of wave front velocity calculations with
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Figure 4.4: Top View of Study Domain with its Dimensions and Grid Lines

previous studies, and decide to use either current or wave front velocity or

both of them in further calculations, comparisons and discussions.

4.2 Front Velocity Comparison

In order to compare the wave front velocity computations obtained in
numerical study with the experimental ones, the Ph. D. study of Synolakis
(1987) was used. His study provides snapshots of solitary wave section
climbing up on a 1/19.85 sloping beach (see Figures 4.5(a) and 4.5(b)).
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Figure 4.5 (a): Comparison between laboratory data and the nonlinear model for
a 0.0185 solitary wave up on a 1/19.85 beach. Profiles are shown as functions of
x at t= 40(i), 45(ii), 50(iii) and 55 (iv). Different symbols indicate different
realizations of the same experiment (Synolakis, 1987).
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Figure 4.5 (b): Comparison between laboratory data and the nonlinear model for
a 0.0185 solitary wave up on a 1/19.85 beach. Profiles are shown as functions of
x at t=50 (iv) and 60(v). Different symbols indicate different realizations of the
same experiment (Synolakis, 1987).

Same study was performed in numerical model. Wave front velocity of the
solitary wave in inundation zone was calculated for the comparison. The
bottom slope was used as 1/19.85 in simulations in order to be compatible

with the experimental results obtained in Synolakis (1987).

Figure 4.6 shows the values of front velocities obtained by experimental
studies in Synolakis (1987) and by numerical model, accordingly. The
figure indicates that there is proportionality with experimental and
numerical results of wave front velocity. Since only one experiment is not
sufficient for a comparison, further analysis using front velocity is not
performed anymore. It is necessary to make experiments for further
comparison between front and current velocities. Data used in Figure 4.6
are given in Table 4.2 for each flow depths from 0 to 100cm used in the

calculation of front velocity in numerical model.
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Figure 4.6: Comparison between Numerical Results found from TUNAMI-N2 and
Experimental Results from Synolakis (1987)

Table 4.2: Wave Front Velocities for every certain dimensionless water depth
from 0 to 0,020 at dimensionless time t=40, 45, 50, 55 and 60. The last row
shows the wave front velocities calculated from the graphs of Synolakis (1987)
given in Figure 4.5.

depth—1me 40 45 50 55 60
0 0.0625 0.0670 0.0262 0 0

10 0.0645 0.0679 | 0.0277 0 0

20 0.0623 0.0677 | 0.0283 0 0

30 0.0640 0.0679 | 0.0283 0 0

40 0.0618 0.0682 | 0.0312 0 0
50 0.0610 0.0698 | 0.0323 0 0

60 0.0612 0.0702 | 0.0318 0 0
70 0.0646 0.0689 0 0 0

80 0.0709 0.0714 0 0 0
90 0.0805 0.0698 0 0 0
100 0.0827 0.0131 0 0 0
S{?gg@';'s 0.045 0.049 0.059 0.0012 0

41




4.3 Computation and Comparison of Parameters Effecting

Tsunami Impact

Tsunami effect in the inundation zone is directly related to (1) maximum
positive amplitude, (2) maximum current velocity, (3) hydrodynamic
demand, (4) maximum negative amplitude and (5) flow depth. Maximum
positive amplitude is important for several coastal regions. Maximum
current velocity is important for erosion/deposition pattern and debris drag.
Hydrodynamic demand is an instantaneous value during inundation
depending on water velocity and flow depth. Maximum negative amplitude
is essential for the ships and boats at shallow region since water depth
decreases. Flow depth is another governing parameter for the hydrody-
namic demand.

First three parameters, that are maximum positive amplitude, maximum
current velocity and hydrodynamic demand, are determining factors for
tsunami impact in inundation zone. Besides, flow depth is a secondary
parameter but also important for computation of the hydrodynamic
demand. The hydrodynamic demand is an instantaneous parameter
depending on current velocity and flow depth at the same time. Since
current velocity and flow depth are changing independently, then the
maximum value of hydrodynamic demand also varies with time. However,
this situation is not so significant in steeper slopes (1/10).

In Kanoglu (2004), it is emphasized that the maximum current velocities
and accelerations are observed under backward motion (rundown) of the
wave. In this study, the simulation duration is 4 minutes which fully
covered forward motion of the wave and partly covered backward motion

especially for the slope of 1/20.

The distributions of these three parameters in inundation zone are

investigated by numerous simulations using different wave and shore
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conditions. The study domains are given in Figure 4.7 in detail. The
distributions of maximum coastal amplitudes, maximum current velocities
and hydrodynamic demands will be presented using the extracted parts of
the whole bathymetry including the shore-parallel and shore-perpendicular

structures, respectively.
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whole bathymetry e
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Figure 4.7: Top View of Shore-Parallel Structures and Shore-Perpendicular
Structures Extracted from the Whole Bathymetry
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4.3.1 Distribution of Maximum Positive Amplitudes for Perpendicular
Approach of the Wave (angle=909)

In this section, the distributions of maximum positive amplitudes
(maximum water surface elevations) in basins 1 and 2 are presented
which were computed during various simulations. The results are given for

each bottom slope.

Figure 4.8 shows distribution of maximum positive amplitudes for LEW
type single sinusoidal wave with period of 3 minutes and different initial
amplitudes for bottom slope of 71/10. Figure 4.9 shows distribution of
maximum positive amplitudes for LDW type single sinusoidal wave with
period of 3 minutes and different initial amplitudes for bottom slope of 1/10.
As seen from these Figures, higher amplitude incoming wave causes
higher maximum coastal amplitudes. For the case of leading depression
type of incoming wave (LDW), the coastal amplitudes are much higher

comparing to the case of leading elevation type of incoming wave (LEW).

Figure 4.10 shows distribution of maximum positive amplitudes for LEW
type single sinusoidal wave with period of 3 minutes and different initial
amplitudes for bottom slope of 71/20. Figure 4.11 shows distribution of
maximum positive amplitudes for LDW type single sinusoidal wave with
period of 3 minutes and different initial amplitudes for bottom slope of 1/20.
As seen from these Figures, similar trend is observed in terms of having
higher coastal amplitudes for higher amplitudes of incoming waves as in
1/10 slope case. When slope effect is checked, milder slope (7/20) causes
higher coastal amplitudes for LDW than the amplitudes for the steeper
slope (1/10). In contrary, milder slope (1/20) causes lower coastal ampli-
tudes for LEW than the amplitudes for the steeper slope 1/70 (see
Appendix A, Figures A.1-A4 for the results of same kind of simulations

using different incoming wave amplitudes).
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Figure 4.8: Distribution of Maximum Positive Amplitudes for Perpendicular Approach of the Wave (angle=90°)

with Period of 3 min. for LEW with the Bottom Slope of 1/10
(Incoming Wave Amplitudes= +0.5m, +1.0m at the toe)
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4.3.2 Distribution of Maximum Positive Amplitudes for
Oblique Approach of the Wave (angle= 459)

Figure 4.12 shows distribution of maximum positive amplitudes for LEW
type single sinusoidal wave with period of 3 minutes and different initial
amplitudes for bottom slope of 71/10. Figure 4.13 shows distribution of
maximum positive amplitudes for LDW type single sinusoidal wave with
period of 3 minutes and different initial amplitudes for bottom slope of 1/10.
As seen from these Figures, when waves are approaching obliquely,
higher coastal amplitudes are observed at the wave side of the shore-
perpendicular structures. But, when single structures are located parallel
to the shoreline, then the lower amplitudes are observed at wave side.
LDW causes higher coastal amplitudes comparing to the LEW.

Figure 4.14 shows distribution of maximum positive amplitudes for LEW
type single sinusoidal wave with period of 3 minutes and different initial
amplitudes for bottom slope of 1/20. Figure 4.15 shows distribution of
maximum positive amplitudes for LDW type single sinusoidal wave with
period of 3 minutes and different initial amplitudes for bottom slope of 1/20.
As seen from these Figures, similar trend is observed in terms of having
higher coastal amplitudes for higher amplitudes of incoming waves as in
1/10 slope case. When the effects of bottom slopes are compared, steeper
slope (1/10) causes higher coastal amplitudes both for LEW and LDW
than the amplitudes for the milder slope (7/20) for oblique-approaching
incoming waves. It is noted that this trend is in contrary with the case of
perpendicular-approaching incoming wave. Looking at the effects of wave
direction, it is observed that perpendicularly-approaching waves cause
higher coastal amplitudes than obliquely-approaching waves (see Appen-
dix A, Figures A.5-A8 for the results of same kind of simulations using

different incoming wave amplitudes).
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with Period of 3 min. for LEW with the Bottom Slope of 1/10
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(Incoming Wave Amplitudes= +0.5m, +1.0m at the toe)




cS

Max. Water Surf. Elevations - angle= 45 - slope= 1/20 - Leading Elevation Single Sinusoidal Wave

2450~

2400~

2350~

2300

2260~

2200

2150

2100~ |
T )
1100 1150 1200 1250 1300 1350

amp= +0.50 m

1700—
1650—
1600—
1550—
1500—

1450~

1350

1300

1250~

T | e
1100 1150 1200 1250 1300 1350

bathymetry
(m)

max. water.surf.elevs.
(m)

1100

. 1700-{
15

1650

0.75 1600
1550
1500
1450
1400
1350

1300

1250
A
1100

1150 1200 1250 1300 1350

amp= +1.00 m

T "
1150 1200 1250 1300 1350

Figure 4.14: Distribution of Maximum Positive Amplitudes for Oblique Approach of the Wave (angle=45°)
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4.3.3 Distribution of Maximum Current Velocities for Perpendicular
Approach of the Wave (angle=909)

In this section, the distributions of maximum current velocities in basins 1
and 2 are presented which were computed during various simulations. The
results are given for each bottom slope.

Figure 4.16 shows distribution of maximum current velocities for LEW type
single sinusoidal wave with period of 3 minutes and different initial
amplitudes for bottom slope of 1/10. Figure 4.17 shows distribution of
maximum current velocities for LDW type single sinusoidal wave with
period of 3 minutes and different initial amplitudes for bottom slope of 1/70.
As seen from these Figures, higher amplitude incoming waves cause
higher maximum currents. For the bottom slope of 1/70, there is not
significant difference of current velocities between the cases of LEW and
LDW.

Figure 4.18 shows distribution of maximum current velocities for LEW type
single sinusoidal wave with period of 3 minutes and different initial
amplitudes for bottom slope of 71/20. Figure 4.19 shows distribution of
maximum current velocities for LDW type single sinusoidal wave with
period of 3 minutes and different initial amplitudes for bottom slope of 1/20.
As seen from these Figures, similar trend is observed in terms of having
higher currents for higher amplitudes of incoming waves as in 1/10 slope
case. When the effects of bottom slopes are compared; (1) the inundation
distance is longer for milder slope (1/20), (2) milder slope (1/20) causes
higher current velocities at shallow regions in inundation zone.
Furthermore, comparing with steeper slope (1/10), the difference of current
velocities between LEW and LDW are slightly noticeable in milder slope
case (see Appendix A, Figures A.9-12 for the results of same kind of

simulations using different incoming wave amplitudes).
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Figure 4.16: Distribution of Maximum Current Velocities for Perpendicular Approach of the Wave (angle=90°)
with Period of 3 min. for LEW with the Bottom Slope of 1/10
(Incoming Wave Amplitudes= +0.5m, +1.0m at the toe)
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Figure 4.17: Distribution of Maximum Current Velocities for Perpendicular Approach of the Wave (angle=90°)
with Period of 3 min. for LDW with the Bottom Slope of 1/10
(Incoming Wave Amplitudes= -0.5m, -1.0m at the toe)
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Figure 4.18: Distribution of Maximum Current Velocities for Perpendicular Approach of the Wave (angle=90°9)

with Period of 3 min. for LEW with the Bottom Slope of 1/20
(Incoming Wave Amplitudes= +0.5m, +1.0m at the toe)
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Figure 4.19: Distribution of Maximum Current Velocities for Perpendicular Approach of the Wave (angle=909)

with Period of 3 min. for LDW with the Bottom Slope of 1/20
(Incoming Wave Amplitudes= -0.5m, -1.0m at the toe)




4.3.4 Distribution of Maximum Current Velocities for Oblique
Approach of the Wave (angle=459)

Figure 4.20 shows distribution of maximum current velocities for LEW type
single sinusoidal wave with period of 3 minutes and different initial
amplitudes for bottom slope of 71/10. Figure 4.21 shows distribution of
maximum current velocities for LDW type single sinusoidal wave with
period of 3 minutes and different initial amplitudes for bottom slope of 1/10.
As seen from these Figures, for oblique approach of the incoming wave,
LDW causes higher current velocities, but there is nor so significant
difference between the current velocities comparing the wave and lee side

of the shore-perpendicular and shore-parallel structures.

Figure 4.22 shows distribution of maximum current velocities for LEW type
single sinusoidal wave with period of 3 minutes and different initial
amplitudes for bottom slope of 1/20. Figure 4.23 shows distribution of
maximum current velocities for LDW type single sinusoidal wave with
period of 3 minutes and different initial amplitudes for bottom slope of 1/20.
As seen from these Figures, steeper slope (7/10) causes slightly higher
current velocities than milder slope (7/20). When bottom slopes are com-
pared, the inundation distance is longer for milder slope (71/20).
Furthermore, comparing with steeper slope (1/10), the difference of current
velocities between LEW and LDW are slightly noticeable in milder slope
case. In milder slope (1/20), current velocities are higher for LDW type of
incoming wave (see Appendix A, Figures A.13-A16 for the results of same

kind of simulations using different incoming wave amplitudes).
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Figure 4.20: Distribution of Maximum Current Velocities for Oblique Approach of the Wave (angle=45°9)
with Period of 3 min. for LEW with the Bottom Slope of 1/10
(Incoming Wave Amplitudes= +0.5m, +1.0m at the toe)
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Figure 4.21:

Distribution of Maximum Current Velocities for Oblique Approach of the Wave (angle=45°9)
with Period of 3 min. for LDW with the Bottom Slope of 1/10
(Incoming Wave Amplitudes= -0.5m, -1.0m at the toe)
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Figure 4.22:

Distribution of Maximum Current Velocities for Oblique Approach of the Wave (angle=45°9)

with Period of 3 min. for LEW with the Bottom Slope of 1/20
(Incoming Wave Amplitudes= +0.5m, +1.0m at the toe)
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Figure 4.23:

Distribution of Maximum Current Velocities for Oblique Approach of the Wave (angle=459)
with Period of 3 min. for LDW with the Bottom Slope of 1/20
(Incoming Wave Amplitudes= -0.5m, -1.0m at the toe)




4.3.5 Distribution of Maximum Hydrodynamic Demands for
Perpendicular Approach of the Wave (angle=902)

In this section, the distributions of maximum hydrodynamic demands in
basins 1 and 2 are presented which were computed during various simula-

tions. The results are given for each bottom slope.

Figure 4.24 shows distribution of maximum hydrodynamic demands for
LEW type single sinusoidal wave with period of 3 minutes and different
initial amplitudes for bottom slope of 1/10. Figure 4.25 shows distribution
of maximum hydrodynamic demands for LDW type single sinusoidal wave
with period of 3 minutes and different initial amplitudes for the wave shape
for slope 1/10.

As seen from these Figures, higher-amplitude incoming waves cause
higher hydrodynamic demand. Comparing the effect of wave shape, LDW

causes higher hydrodynamic demand than LEW.

Figure 4.26 shows distribution of maximum hydrodynamic demands for
LEW type single sinusoidal wave with period of 3 minutes and different
initial amplitudes for bottom slope of 7/20. Figure 4.27 shows distribution
of maximum hydrodynamic demands for LDW type single sinusoidal wave
with period of 3 minutes and different initial amplitudes for bottom slope of
1/20.

As seen from these Figures, for LEW type of incoming wave, higher
hydrodynamic demands are observed in milder slope (7/20). In contrary,
for LDW type of incoming wave, the difference is not so significant (see
Appendix A, Figures A.17-A20 for the results of same kind of simulations

using different incoming wave amplitudes).
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Figure 4.24: Distribution of Maximum Hydrodynamic Demands for Perpendicular Approach of the Wave (angle=90°)

with Period of 3 min. for LEW with the Bottom Slope of 1/10
(Incoming Wave Amplitudes= +0.5m, +1.0m at the toe)
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Figure 4.25: Distribution of Maximum Hydrodynamic Demands for Perpendicular Approach of the Wave (angle=90°)
with Period of 3 min. for LDW with the Bottom Slope of 1/10
(Incoming Wave Amplitudes= -0.5m, -1.0m at the toe)
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Figure 4.26: Distribution of Maximum Hydrodynamic Demands for Perpendicular Approach of the Wave (angle=90°)
with Period of 3 min. for LEW with the Bottom Slope of 1/20
(Incoming Wave Amplitudes= +0.5m, +1.0m at the toe)
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Figure 4.27: Distribution of Maximum Hydrodynamic Demands for Perpendicular Approach of the Wave (angle=909)
with Period of 3 min. for LDW with the Bottom Slope of 1/20
(Incoming Wave Amplitudes= -0.5m, -1.0m at the toe)




4.3.6 Distribution of Maximum Hydrodynamic Demands for Oblique
Approach of the Wave (angle=459)

Figure 4.28 shows distribution of maximum hydrodynamic demands for
LEW type single sinusoidal wave with period of 3 minutes and different
initial amplitudes for bottom slope of 1/10.

Figure 4.29 shows distribution of maximum hydrodynamic demands for
LDW type single sinusoidal wave with period of 3 minutes and different
initial amplitudes for bottom slope of 1/10.

Figure 4.30 shows distribution of maximum hydrodynamic demands for
LEW type single sinusoidal wave with period of 3 minutes and different
initial amplitudes for bottom slope of 1/20.

Figure 4.31 shows distribution of maximum hydrodynamic demands for
LDW type single sinusoidal wave with period of 3 minutes and different
initial amplitudes for bottom slope of 1/20.

As seen from these Figures, when waves are approaching obliquely, lower
hydrodynamic demands are observed at the wave side of the shore-
parallel structures. For shore-perpendicular structures, the difference is not
so significant (see Appendix A, Figures A.21-A.24 for the results of same

kind of simulations using different incoming wave amplitudes).
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Figure 4.28: Distribution of Maximum Hydrodynamic Demands for Oblique Approach of the Wave (angle=45°9)

with Period of 3 min. for LEW with the Bottom Slope of 1/10
(Incoming Wave Amplitudes= +0.5m, +1.0m at the toe)
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Figure 4.29: Distribution of Maximum Hydrodynamic Demands for Oblique Approach of the Wave (angle=45°9)
with Period of 3 min. for LDW with the Bottom Slope of 1/10
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Figure 4.31: Distribution of Maximum Hydrodynamic Demands for Oblique Approach of the Wave (angle=459)

with Period of 3 min. for LDW with the Bottom Slope of 1/20
(Incoming Wave Amplitudes= -0.5m, -1.0m at the toe)




4.3.7 Distribution of Hydrodynamic Parameters for Perpendicular
Approach of the Wave with Period of 1 Minute on Bottom
Slopes of 1/10 and 1/20

Figure 4.32 shows distribution of maximum positive amplitudes for LEW
type single sinusoidal wave with period of 1 minute and different initial
amplitudes for bottom slope of 1/10.

Figure 4.33 shows distribution of maximum positive amplitudes for LEW
type single sinusoidal wave with period of 1 minute and different initial
amplitudes for bottom slope of 1/20.

Figure 4.34 shows distribution of maximum current velocities for LEW type
single sinusoidal wave with period of 1 minute and different initial
amplitudes for bottom slope of 1/10.

Figure 4.35 shows distribution of maximum current velocities for LEW type
single sinusoidal wave with period of 1 minute and different initial
amplitudes for bottom slope of 1/20.

Figure 4.36 shows distribution of maximum hydrodynamic demands for
LEW type single sinusoidal wave with period of 1 minute and different
initial amplitudes for bottom slope of 1/10.

Figure 4.37 shows distribution of maximum hydrodynamic demands for
LEW type single sinusoidal wave with period of 1 minute and different
initial amplitudes for bottom slope of 7/20.

As seen from these Figures, the effects of the slopes, incoming wave
amplitudes and structural orientation on the maximum positive amplitude,
maximum current velocities and maximum hydrodynamic demands for
wave period of 1 minute are similar as for wave period of 3 minutes in
LEW.

The period effect for LEW is compared in the following by using the
respective figures. Figure 4.32 with Figure 4.8 (having wave periods of 1
minute and 3 minutes, respectively) show that there is not significant

difference between the inundation distances of waves having different
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periods selected in this study. However, it is observed that higher
maximum amplitudes occur in the shallower regions in the inundation zone
for longer periods. Comparing Figure 4.33 and Figure 4.10 (having wave
periods of 1 minute and 3 minutes, respectively), the similar trend exists
such as there is not significant difference between the inundation
distances of waves having different periods selected in this study.
However, it is observed that higher maximum currents occur in the
shallower regions in inundation zone for longer periods of LEW. It is also
noticed that current velocities of 1 minute period of incoming wave are
lower than that of waves having 3 minute period in milder slopes (1/20).
But this trend is not so significant in steeper slope (1/70). Furthermore,
comparison of Figure 4.37 and Figure 4.26 gives that maximum hydrody-
namic demands increase as wave period decreases in milder slope (1/20).
The reason of this result may be occurrence of smaller flow depth for

shorter wave periods.
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Figure 4.32: Distribution of Maximum Positive Amplitudes for Perpendicular Approach of the Wave (angle=90°9)

with Period of 1 min. for LEW with the Bottom Slope of 1/10
(Incoming Wave Amplitudes= +0.5m, +1.0m at the toe)
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Figure 4.33: Distribution of Maximum Positive Amplitudes for Perpendicular Approach of the Wave (angle=90°9)
with Period of 1 min. for LEW with the Bottom Slope of 1/20
(Incoming Wave Amplitudes= -0.5m, -1.0m at the toe)
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Figure 4.34: Distribution of Maximum Current Velocities for Perpendicular Approach of the Wave (angle=909)

with Period of 1 min. for LEW with the Bottom Slope of 1/10
(Incoming Wave Amplitudes= +0.5m, +1.0m at the toe)
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Figure 4.35: Distribution of Maximum Current Velocities for Perpendicular Approach of the Wave (angle=909)

with Period of 1 min. for LEW with the Bottom Slope of 1/20
(Incoming Wave Amplitudes= -0.5m, -1.0m at the toe)
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Figure 4.36: Distribution of Maximum Hydrodynamic Demands for Perpendicular Approach of the Wave (angle=909)
with Period of 1 min. for LEW with the Bottom Slope of 1/10
(Incoming Wave Amplitudes= -0.5m, -1.0m at the toe)
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Figure 4.37: Distribution of Maximum Hydrodynamic Demands for Perpendicular Approach of the Wave (angle=909)

with Period of 1 min. for LEW with the Bottom Slope of 1/20
(Incoming Wave Amplitudes= -0.5m, -1.0m at the toe)




CHAPTER 5

GENERAL EVALUATION, DISCUSSION AND CONCLUSIONS

In this chapter, the results obtained in previous part are evaluated
separately considering the effects of incoming wave amplitude, period,
direction, type and bottom slope on the selected hydrodynamic parameters

occurred during tsunami inundation.

5.1 Wave Amplitude Effect

Figure 5.1 shows the two different amplitudes of incoming wave on a same

bottom slope.

High amplitude

Small amplitude

Figure 5.1: View of Two Different Amplitudes of Incoming Wave on Same
Bottom Slope
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The general condition obtained for hydrodynamic parameters in
simulations is that higher-amplitude waves cause higher values of hydro-
dynamic parameters during tsunami inundation in shallower region and

also inland.

5.2 Wave Period Effect

Figure 5.2 shows the two different periods of incoming wave on a same
bottom slope.

Longer period

Shorter period

Figure 5.2: View of Two Different Periods of Incoming Wave on
Same Bottom Slope

The general condition obtained for hydrodynamic parameters in simula-
tions is that longer-period incoming waves cause higher maximum coastal
amplitude and current. But in contrary, higher maximum hydrodynamic
demands occur with shorter wave period. The reason for this result may

be occurrence of smaller flow depths for smaller wave periods.
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5.3 Bottom Slope Effect

Figure 5.3 shows the two different bottom slopes having the same
incoming wave amplitude and wave shape. On the milder slope, wave
propagates slower on the shallower depth and through longer distances.
This situation is the main reason of the slope effect.

Steep slope

Mild slope

Figure 5.3: View of Two Different Bottom Slopes (1/10, 1/20) with the Same
Incoming Wave Amplitude and Wave Shape

Through the simulations, it is observed that stronger currents occur on
milder slopes when the same wave is inputted onto two different slopes.
For the maximum coastal amplitudes, the slope effect also depends on the
shape of incoming wave. Simulations show that milder slope causes
higher maximum coastal amplitudes for LDW, and lower amplitudes for
LEW cases. The reason for this situation is discussed in respective

section.
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5.4 Wave Shape Effect

Figure 5.4 shows two different shapes (LEW, LDW) of single sinusoidal

incoming wave having the same wave amplitude on same bottom slope.

LEW

LDW

Figure 5.4: View of Two Different Shapes (LEW, LDW) of Single Sinusoidal
Incoming Wave with the Same Wave Amplitude on Same Bottom Slope

The main difference in coastal behavior of these two wave shapes is the
result of the differences in forward-backward motion, reflection pattern and
momentum distribution on the slope and in inundation zone. As mentioned
in the part of “bottom slope effect”, this complexity cause contrary in the
evaluation of the slope effect on hydrodynamic parameters.

5.5 Wave Direction Effect
Direction and length (period) of any incoming wave are the most important
parameters governing their transformation ( i.e. change of wave height and

direction) on the slopes. When waves approach obliquely, transformation
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phenomenon occurs in addition to shoaling and reflection phenomena.
Therefore, the effects of wave direction on the hydrodynamic parameters

become more complex.

In general, the expected distributions of hydrodynamic parameters (higher
values at the wave side for shore-perpendicular and at the lee side of the
shore-parallel structures) are obtained for the oblique approach of the
wave. However, there are some irregular distributions which are
considered as the result of above mentioned complexity of additional long

wave transformation phenomenon on the selected slopes.

5.6 Grid Size Effect

In order to check the grid size effect on the results, a smaller grid size with
the same wave and bathymetric conditions were simulated. Figures 5.5 -
5.10 show the comparison of the distribution of hydrodynamic parameters
for grid sizes of 2.56m and 5m on 1/20 bottom slope for LEW with
perpendicular approach. These figures provide that the distributions of all
hydrodynamic parameters are similar for both simulations with different
grid sizes. Since the distributions are evaluated quantitatively in this study,
there are small and acceptable differences between the results of
simulations using two different grid sizes. Peak values of hydrodynamic
parameters are plotted for the both grid sizes and it is observed that these

values are also located in the same zones as shown in the same Figures.
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Figure 5.5: Comparison of Distribution of Maximum Positive Amplitudes for the Grid Sizes of 2.5m and 5m,
with Obliqgue Approach of the Wave (angle=45°), Period of 3min. and Bottom Slope of 1/20 for LEW
(Incoming Wave Amplitude= +1.0m at the toe)
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Figure 5.6: Comparison of Distribution of Maximum Positive Amplitudes for the Grid Sizes of 2.5m and 5m,
with Perpendicular Approach of the Wave (angle=90°), Period of 3min. and Bottom Slope of 1/20 for LEW
(Incoming Wave Amplitude= +1.0m at the toe)
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Figure 5.7: Comparison of Distribution of Maximum Current Velocities for the Grid Sizes of 2.5m and 5m,
with Oblique Approach of the Wave (angle=45°), Period of 3min. and Bottom Slope of 1/20 for LEW
(Incoming Wave Amplitude= +1.0m at the toe)
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Figure 5.8: Comparison of Distribution of Maximum Current Velocities for the Grid Sizes of 2.5m and 5m,
with Perpendicular Approach of the Wave (angle=909), Period of 3min. and Bottom Slope of 1/20 for LEW
(Incoming Wave Amplitude= +1.0m at the toe)
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Figure 5.9: Comparison of Distribution of Maximum Hydrodynamic Demands for the Grid Sizes of 2.5m and 5m,
with Oblique Approach of the Wave (angle=45°), Period of 3min. and Bottom Slope of 1/20 for LEW
(Incoming Wave Amplitude= +1.0m at the toe)
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Figure 5.10: Comparison of Distribution of Maximum Hydrodynamic Demands for the Grid Sizes of 2.5m and 5m,
with Perpendicular Approach of the Wave (angle=909), Period of 3min. and Bottom Slope of 1/20 for LEW
(Incoming Wave Amplitude= +1.0m at the toe)




5.7 Conclusions

In this study, two different kinds of single sinusoidal waves (LEW and
LDW) have been used with different incoming wave amplitudes on two
different bottom slopes (1/10 and 1/20). The numerical model TUNAMI-N2
was used in simulations with the grid size of 5m. The distributions of three
important hydrodynamic parameters, as maximum positive amplitudes,
maximum current velocities and hydrodynamic demand, were plotted and
investigated in inundation zone by applying numerous simulations. The
distributions of these three parameters were presented using the extracted
parts of the whole bathymetry including the region of shore-parallel and
shore-perpendicular structures, respectively. The grid size effect was also
investigated by making simulations with the grid size of 2.5m. It is
necessary to express that the following remarks are limited with these

parameters and wave conditions.

As for the conclusions, the concluding remarks are summarized from the

simulations and analysis of this study:

1. Higher-amplitude waves cause higher values of hydrodynamic param-
eters generally during tsunami inundation in shallower region and also
inland.

2. Longer-period incoming waves cause higher maximum coastal
amplitude and current. But in contrary, higher maximum hydrodynamic

demands occur with shorter wave period.

3. Waves propagated slower on the shallower depth and through longer
distances on milder slopes. However, stronger currents occurred on
milder slopes. It was obtained that, for the maximum coastal ampli-

tudes, the slope effect also depends on the shape of incoming wave.
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As a result, milder slope caused higher maximum coastal amplitudes
for LDW, and lower amplitudes for LEW cases.

. It was noticed that there are significant differences between the coastal
behaviors of two selected wave shapes. This difference is the result of
the variations in forward-backward motion, in reflection pattern and in
momentum distribution on the slope and in inundation zone. It was
concluded that these differences are the main reason for the
complexity in the determination of slope effect on hydrodynamic
parameters.

The effects of wave direction on the hydrodynamic parameters were
more complex since transformation phenomenon occurs in addition to
shoaling and reflection phenomena, when waves are approaching to
the shoreline obliquely. As generally expected for the oblique approach
of the wave, higher values of hydrodynamic parameters were obtained
at the wave side of shore-perpendicular and at the lee side of shore-
parallel structures. However, some irregular distributions were found as
the result of additional long wave transformation phenomenon. This
complexity is important and specific study is necessary to understand
long wave behavior in coastal regions for oblique approach for each
case.

. The results of simulations with the grid sizes of 2.5m and 5m provide
that the distributions of all hydrodynamic parameters are similar for
both grid sizes. It is observed that peak values of hydrodynamic
parameters are also located in the same zones. Small difference can
be acceptable since the distributions of hydrodynamic parameters are
evaluated quantitatively throughout this study.
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CHAPTER 6

SUGGESTIONS FOR FURTHER STUDIES

In this study, the distributions of three important hydrodynamic parame-
ters, as maximum positive amplitudes, maximum current velocities and
maximum hydrodynamic demands, were investigated in inundation zone
on bottom slopes of 1/10 and 1/20, with the wave shapes of LEW and
LDW, for the wave periods of 1 minute and 3 minutes. A single sinusoidal
wave was propagated in inundation zone to identify the effects of hydrody-

namic parameters on shore-parallel and shore-perpendicular structures.

It is suggested that further studies should be performed by using different
bottom slopes, wave shapes, wave periods and directions with different
number of waves to be able to generalize the numerical results. Various
orientation and amount of coastal and land structures can also be used in

simulations to have results for many different cases.

Beside the selected parameters, the distribution of other hydrodynamic
parameters occurred during tsunami inundation can be investigated. For
instance, the distribution of instantaneous flow depths, runup values and

the direction of maximum currents in inundation zone can be determined.

Forward and backward maximum hydrodynamic demands can be deter-
mined in inundation zone. This study can give the opportunity to define the
erosion/deposition pattern of coastal and land structures, and also
vulnerability index that represents the resistance of structures depending
highly on structure material. In further studies, after estimating the vulnera-

bility index and drag coefficient, the risk level during tsunami inundation
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can be determined as equal to the multiplication of hydrodynamic demand,
vulnerability index and drag coefficient.

Simulations can be performed for solitary type of waves to investigate the
distribution of hydrodynamic parameters for this type of wave, and to make
comparisons and discussions with previous numerical and also analytical
results.

This study indicates that there is proportionality with experimental and
numerical results of wave front velocity. However, only one experiment is
not sufficient for comparison. Therefore, it is necessary to make experi-
ments to determine wave front velocity and current velocity for further
comparisons. These experiments will also enable us to determine/ verify
hydrodynamic demands by using both current velocities and wave front
velocities and discuss the distribution of this ratio to see which velocity is

more effective at which location of the inundation zone.

Experimental study is necessary for verification and for performing more

reliable comparisons and discussions.
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Figure A.1: Distribution of Maximum Positive Amplitudes for Perpendicular Approach of the Wave (angle=90°9)

with Period of 3 min. for LEW with the Bottom Slope of 1/10
(Incoming Wave Amplitudes= +0.33m, +0.74m, +0.92m at 235 m before the toe)
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Figure A.4: Distribution of Maximum Positive Amplitudes for Perpendicular Approach of the Wave (angle=909)
with Period of 3 min. for LDW with the Bottom Slope of 1/20
(Incoming Wave Amplitudes= -0.33m, -0.74m, -0.92m at 235 m before the toe)
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Figure A.6: Distribution of Maximum Positive Amplitudes for Oblique Approach of the Wave (angle=45°9)
with Period of 3 min. for LDW with the Bottom Slope of 1/10
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Figure A.7: Distribution of Maximum Positive Amplitudes for Oblique Approach of the Wave (angle=45°)

with Period of 3 min. for LEW with the Bottom Slope of 1/20
(Incoming Wave Amplitudes= +0.33m, +0.74m, +0.92m at 235 m before the toe)
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Figure A.8: Distribution of Maximum Positive Amplitudes for Oblique Approach of the Wave (angle=45°)
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Figure A.9:

Distribution of Maximum Current Velocities for Perpendicular Approach of the Wave (angle=90°9)
with Period of 3 min. for LEW with the Bottom Slope of 1/10
(Incoming Wave Amplitudes= +0.33m, +0.74m, +0.92m at 235 m before the toe)
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Figure A.10: Distribution of Maximum Current Velocities for Perpendicular Approach of the Wave (angle=90°9)
with Period of 3 min. for LDW with the Bottom Slope of 1/10
(Incoming Wave Amplitudes= -0.33m, -0.74m, -0.92m at 235 m before the toe)
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Figure A.11: Distribution of Maximum Current Velocities for Perpendicular Approach of the Wave (angle=90°)

with Period of 3 min. for LEW with the Bottom Slope of 1/20
(Incoming Wave Amplitudes= +0.33m, +0.74m,+0.92m at 235 m before the toe)
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Figure A.12: Distribution of Maximum Current Velocities for Perpendicular Approach of the Wave (angle=90°)
with Period of 3 min. for LDW with the Bottom Slope of 1/20
(Incoming Wave Amplitudes= -0.33m, -0.74m, -0.92m at 235 m before the toe)
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Figure A.13: Distribution of Maximum Current Velocities for Oblique Approach of the Wave (angle=45°9)
with Period of 3 min. for LEW with the Bottom Slope of 1/10
(Incoming Wave Amplitudes= +0.33m, +0.74m, +0.92m at 235 m before the toe)
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Figure A.14: Distribution of Maximum Current Velocities for Oblique Approach of the Wave (angle=45°)
with Period of 3 min. for LDW with the Bottom Slope of 1/10
(Incoming Wave Amplitudes= -0.33m, -0.74m, -0.92m at 235 m before the toe)
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Figure A.15: Distribution of Maximum Current Velocities for Oblique Approach of the Wave (angle=45°)
with Period of 3 min. for LEW with the Bottom Slope of 1/20
(Incoming Wave Amplitudes= +0.33m, +0.74m,+0.92m at 235 m before the toe)
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Figure A.16: Distribution of Maximum Current Velocities for Oblique Approach of the Wave (angle=45°)
with Period of 3 min. for LDW with the Bottom Slope of 1/20
(Incoming Wave Amplitudes= -0.33m, -0.74m, -0.92m at 235 m before the toe)
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Figure A.17: Distribution of Maximum Hydrodynamic Demands for Perpendicular Approach of the Wave (angle=902)
with Period of 3 min. for LEW with the Bottom Slope of 1/10
(Incoming Wave Amplitudes= +0.33m, +0.74m, +0.92m at 235 m before the toe)
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Figure A.18: Distribution of Maximum Hydrodynamic Demands for Perpendicular Approach of the Wave (angle=902)
with Period of 3 min. for LDW with the Bottom Slope of 1/10
(Incoming Wave Amplitudes= -0.33m, -0.74m, -0.92m at 235 m before the toe)




61t

\ Max. Hydrodynamic Demand - angle= 90 - slope= 1/20 - Leading Elevation Single Sinusoidal Wave\
L C ok L W A S— — L
j2550 2560 2550~ )\ i Y
2500 2500 2500
2450 2450 2450~
2400~ 2400+ 2400~
2350 2350 2350~
| bathymetry max. hydrodyn. load
B (m) 2300 (dimensionless) 2
100
2250 2250 80 2250
85
2200~ 2200+ 2200+
70 60
2150 2150 2150
55
45
2100 § 40 2100 | 2100
1100 1150 1200 1250 1300 1350 1100 1150 1200 1250 1300 1350 1100 1150 1200 !2‘50 1300 1350
30
amp= +0.34 m, -0.33 m 20 amp=+0.76 m, -0.74 m amp=+0.94 m, -0.92 m
] 5 1 ) | i
15
1700 0 1700
160 2 1650 %
1600 0.9 1600 2
-25
1650 1550
-50 0
1500 1500~
1450 1450
1400 1400
1250 1350
1300-| 1300+
1250 1250-|
11‘00 11‘50 1;00 12‘5{) 1300 1350 1100 1150 1200 1250 1300 1350 1100 1150 1200 1250 1300 1350

Figure A.19: Distribution of Maximum Hydrodynamic Demands for Perpendicular Approach of the Wave (angle=909)
with Period of 3 min. for LEW with the Bottom Slope of 1/20
(Incoming Wave Amplitudes= +0.33m, +0.74m,+0.92m at 235 m before the toe)




Oct

max. hydrodyn. load
(dimensionless)

80

| Max. Hydrodynamic Demand - angle= 90 - slope= 1/20 - Leading Depression Single Sinusoidal Wave
2550 2550-|
2450 2450
|2400-| 2400-|
[2350 2350
bathymet
2300 (y""'; 24 2300
100
2250 2250~
85
2200 2200+
70
[2150- 55 2150
100 _ 40 2100+ . : ;
1100 1150 1200 1250 1300 1350 1100 1150 1200 1250 1300 1350
amp=-0.34m, +0.33 m 20 amp=-0.76 m, +0.75 m
_— 5 L L
1700 0 1700+
1650 2 16501
1600 -9.9 1600
-25
1650 1550
-50
1450 1450
1400 1400
1350~ 1350
0]
1250 1250
1100 1150 1200 1250 1300 _ 1350 1Moo 1150 1200 1250 1300 1350

2550-|
2500
2450
2400-|
2350-
2300
2250
2200
2150-

2100, - L
1100 1150 1200 1250 1300 1350

amp= -0.96 m, +0.93 m

1100 1150 1200 1250 1300 1350

Figure A.20: Distribution of Maximum Hydrodynamic Demands for Perpendicular Approach of the Wave (angle=909)

with Period of 3 min. for LDW with the Bottom Slope of 1/20
(Incoming Wave Amplitudes= -0.33m, -0.74m, -0.92m at 235 m before the toe)
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Figure A.21: Distribution of Maximum Hydrodynamic Demands for Oblique Approach of the Wave (angle=45°)

with Period of 3 min. for LEW with the Bottom Slope of 1/10
(Incoming Wave Amplitudes= +0.33m, +0.74m, +0.92m at 235 m before the toe)
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Figure A.22: Distribution of Maximum Hydrodynamic Demands for Oblique Approach of the Wave (angle=45°)

with Period of 3 min. for LDW with the Bottom Slope of 1/10
(Incoming Wave Amplitudes= -0.33m, -0.74m, -0.92m at 235 m before the toe)
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Figure A.23: Distribution of Maximum Hydrodynamic Demands for Oblique Approach of the Wave (angle=45°)
with Period of 3 min. for LEW with the Bottom Slope of 1/20
(Incoming Wave Amplitudes= +0.33m, +0.74m,+0.92m at 235 m before the toe)
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Figure A.24: Distribution of Maximum Hydrodynamic Demands for Oblique Approach of the Wave (angle=459)
with Period of 3 min. for LDW with the Bottom Slope of 1/20
(Incoming Wave Amplitudes= -0.33m, -0.74m, -0.92m at 235 m before the toe)




