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Publishable summary

The consortium of Risk Assessment and design of Prevention Structures fOr
enhanced tsunami Dlsaster resilience (RAPSODI) project aims to develop a method
for quantitative tsunami risk assessment and to design tsunami mitigation structures
to improve resilience against tsunami impacts. The project focuses on the quantitative
assessment of vulnerability and on the analysis of tsunami impact on structures. The
initial step of the project requires a thorough investigation of the numerical modelling
tools, vulnerability assessment methods as well as failure mechanisms of buildings
and coastal protection structures exposed to tsunamis. Deliverable 1 - Report on
existing tools, data, and literature on tsunami impact, loads on structures, failure
modes and vulnerability assessment provides a summary of the existing literature on
numerical modelling tools, proposed formulas to calculate tsunami loads on
structures including a catalogue of failure modes based on observations of the 2011
Tohoku tsunami and existing knowledge. It also provides a summary of vulnerability
assessment models used in tsunami research with examples of the application to
different regions around the world. Finally, different types of coastal structures and
buildings are listed against potential failure modes with examples from the 2011
Tohoku Tsunami event in two separate matrices.

An analysis of the current tsunami numerical modelling tools has determined that,
some of the models focus on the tsunami generation, propagation and inundation (eg.
TUNAMI, NAMIDANCE, MOST) whereas some others are developed for a wider
range of applications such as near shore wave processes, advection-dispersion or
sediment transport that can be used for tsunami modelling (eg. BOSZ, MIKE21, etc).
Almost all of the numerical models have the capability of modelling earthquake
generated tsunamis. In terms of the source mechanism, some of the tools can model
landslide generated tsunamis but only a few of them consider other tsunami
generation mechanisms. The numerical tools have been applied to several different
tsunami events around the world. Especially, after the 2004 and 2011 events, more
attention has been paid to the accuracy of inundation modelling including the velocity
and fluxes considering different roughness patterns, which turn out to be very
important.

Direct effects of tsunamis on coastal and marine structures can be extensive and often
disastrous. Tsunami waves can (1) move entire structures off their foundations and
carry them inland; (2) damage buildings through impact with vessels carried from
offshore and other debris accumulated as the wave advances inland; (3) undercut
foundations and pilings with erosion caused by receding waves; (4) overturn
structures by suction of receding or thrust of advancing waves; and (5) cause the

impact of large ships with docks during oil or cargo transfer operations, often causing N (;l
fires. Principal forces associated with tsunami consist of: (1) hydrostatic force, (2) '
hydrodynamic (drag) force, (3) buoyant force, (4) surge force and (5) impact of ~
debris. Three parameters are essential for defining the magnitude and application of =
these forces: (1) inundation depth, (2) flow velocity, and (3) flow direction. The AR
parameters mainly depend on: (a) tsunami wave height and wave period; (b) coastal O
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topography; and (c) roughness of the coastal inland. When it comes to the tsunami
impact on coastal structures, the important parameters are current velocity, maximum
dynamic wave pressure, sustained wave pressure, impact standing wave pressure and
overflowing wave pressure. There also exist several experimental studies
investigating the tsunami forces on sea walls and tsunami-induced loading on both
coastal structures and land structures.

Furthermore, many researchers investigated the failure mechanisms of coastal
structures under tsunami attack by conducting experiments or gathering information
from post-event surveys especially after the 2004 Indian Ocean Tsunami and 2011
Great East Japan Earthquake and Tsunami events. According to the reports from
different authors, an overview of different failure modes is given with short
examples, the source of information, and further details. Most of the structures
surveyed in the field were overtopped and therefore functional failure occurred.
Scour is the most common failure mechanism among almost all types of coastal
protection structures. Overturning, slope instability, soil instability and sliding are
the other common failures. The mechanisms are categorized according to the two
tsunami induced loading conditions as the water level difference across the structure
and wave forcing. Most of the information regarding failure modes of coastal
structures cover the type of structures located in Japan. Thus, there exists an
important gap of knowledge on the performance of rubble mound structure which is
very common in Europe under tsunami attack. Additionally, many of the failure
modes related to wave impact is not investigated thoroughly. This could be an
important source of diminished resilience after a tsunami event, even if no overflow
occurs, thus it should be considered for further research work.

In addition to coastal structures, it is verified especially after the 2004 Indian Ocean
Tsunami and the 2011 Great East Japan Earthquake that it is necessary to design
structures and important infrastructure to survive tsunami effects. Observation and
analysis of the tsunami impact on land structures as well as the related loading
condition are essential to develop proper design approaches. Failure mechanisms of
land structures such as buildings, walls, columns or bridges are affected significantly
by the wave run-up heights and flow velocity as well as the debris carried by water.
In this regard, a failure modes matrix of land structures is presented after a review of
both experimental and field observation studies in literature. The failure mechanisms
are classified according to the impulsive tsunami loading and the standing tsunami
pressure condition. Many kinds of structures such as reinforced concrete, steel and
wooden ones are considered and examples are also provided within a discussion part.

Finally, the tsunami vulnerability assessment approaches throughout the literature
are reviewed and grouped under the topics of general tsunami vulnerability
assessment approaches, tsunami fragility and social and ecological tsunami
vulnerability. Under the topic of general tsunami vulnerability, the authors
demonstrate the importance of the vulnerability component in tsunami risk
assessment as a very dynamic factor dependent on a number of parameters relating
to the built environment, sociological, economic, environmental and physical data.
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The vulnerability assessment generally starts with exposure estimation (i. e.
determination of “who” and “what” is exposed to tsunami), but it should be noted
that exposure does not equal to vulnerability - the susceptibility to harm or damage
during tsunami inundation. This requires an assessment of the people, homes,
commerce, industry, natural resources, etc., that are in the tsunami inundation zones
for a given event and that process is mostly carried out by in-situ assessment, remote
sensing and using GIS tools. Then comes the numerous methods that have emerged
to evaluate vulnerability, and these range from highly technical, statistical,
quantitative assessments to simple, qualitative assessments. The best assessments
would combine these methods, treating each hazard separately, as well as
incorporating considerations for multiple and cumulative hazards occurrences into
the overall assessment framework and methodology. It should also be noted that,
vulnerability is treated as a component of the risk calculations in many approaches.
Tsunami fragility curves has been widely used to develop relationships between
damage and tsunami characteristics such as inundation depth, velocity or flux.
However, there exists gaps of knowledge especially in terms of classification of
damage levels for different types of structures as well as the significance of velocity
on the fragility curves. Further clarification on the damage discussion as well new
relationships between other characteristics of tsunami should be part of further
research agenda in order to improve the risk assessment and non-structural mitigation
strategies.
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1 Introduction

Tsunamis are water waves generated by large-scale short duration energy transfer to
the entire water column by earthquakes, coastal and submarine landslides, volcanic
eruptions, caldera collapse, or meteor impact. Tsunamis and landslide waves may
attain large amplitudes in closed basins or shallow regions (Yalciner et al. 2001;
2002; 2004; and 2005). They are generally classified as long period waves and now
all are referred to as tsunamis. Landslide generated waves generally have only
nearfield impact. They are of a shorter wavelength than tectonic tsunamis, and their
initial amplitude depends on the depth, thickness, and initial acceleration of the
triggering slide. The amplitude of tectonic tsunamis depends on the length of fault
rupture and the slip. Generally tectonic tsunamis radiate energy in a direction
perpendicular to the length of the triggering fault (Ben-Menahem and Rosenman
1972), whereas landslide tsunamis radiate energy in a radial fashion. The runup
distribution on adjacent shorelines is so different between landslide waves and
tsunamis that it allows discrimination of the source (Okal and Synolakis 2004).

The interest in tsunami research has increased in recent years after the terrible
consequences of the 2004 Indian Ocean tsunami and of the 11th March 2011 tsunami
in Japan. The Tohoku tsunami 2011 event clearly showed the potential for massive
destruction of buildings, infrastructure and coastal protection by tsunami waves.
Moreover a huge amount of data has been collected during and after the event,
allowing a retrospective analysis. The 2011 Tohoku tsunami impact caused failures
of foundations and prevention structures, which are not yet fully understood.
Moreover, today’s tsunami vulnerability and risk models are descriptive and limited;
some are based on simple empirical relationships between tsunami flow depth and
structural damage or fatalities. Thus, better understanding of the overall vulnerability
to tsunamis, the specific mechanisms that lead to or contribute to the collapse of
buildings and infrastructure as well as the performance of selected coastal structures
is required to be analysed in detail for developing efficient mitigation measures
against future tsunami events. In light of the new observations and ongoing research,
the consortium of Risk Assessment and design of Prevention Structures fOr
enhanced tsunami Dlsaster resilience (RAPSODI) project aims to develop a method
for quantitative tsunami risk assessment and to design tsunami mitigation structures
to improve resilience against tsunami impacts.

The project focuses on the quantitative assessment of vulnerability and on the
analysis of loads on structures. The initial step of the project requires a thorough
investigation of the numerical modelling tools, vulnerability assessment methods as
well as failure mechanisms of buildings and coastal protection structures exposed to
tsunamis. Deliverable 1 - Report on existing tools, data, and literature on tsunami
impact, loads on structures, failure modes and vulnerability assessment is prepared
to provide a summary of the existing literature on numerical modelling tools (Chapter
2), proposed formulas to calculate tsunami loads on structures including a catalogue
of failure modes based on observations of the 2011 Tohoku tsunami and existing
knowledge (Chapter 3). In Chapter 4 a matrix is presented where different types of
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coastal structures are listed against potential failure modes with examples from the
2011 Tohoku Tsunami event. Additionally, a preliminary matrix of failure modes for
buildings is provided that summarizes some of the available information and
observations from 2011 Great East Japan Earthquake (GEJE) tsunami. A summary
of vulnerability assessment models used in tsunami research are also provided with
examples of the application to different regions around the world (Chapter 5).
Finally, Chapter 6 provides a summary and some conclusions from this study.

2 Tsunami Numerical Modeling

There are many reasons to study tsunamis computationally, and ample motivation for
developing faster and more accurate numerical methods. Applications include the
development of more accurate real-time warning systems, the assessment of potential
future hazards to assist in emergency planning, and the investigation of past tsunamis
and their sources. Real-time warning systems rely on numerical models to predict
whether an earthquake has produced a dangerous tsunami, and to identify which
communities may need to be warned or evacuated. Mistakes in either direction are
costly: failing to evacuate can lead to loss of life, but evacuating unnecessarily is not
only very expensive but also leads to poor response to future warnings. Another use
of tsunami modelling is to better understand past tsunamis, and to identify the
earthquakes that generated them.

The primary objective in this field involves establishing and developing Tsunami
Warning Systems (TWS) and inundation maps. The mathematical modelling and
computation of propagating tsunami waves play an important role in TWS. Precision
and robustness of the algorithm will affect the performance and reliability of the
whole system. Therefore, over the past few decades, a variety of tsunami propagation
models have been developed, based on a variety of governing equations, numerical
methods, spatial and temporal discretization techniques, and wetting-drying
algorithms used to predict tsunami run-up.

2.1 Existing Tools

A comprehensive overview of numerical models together with their general aspects
Is provided in table 2.1. Detailed information on validation studies of the models,
usage platforms and information about developers is provided in section 2.2.
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Table 2.1 — Numerical models used in tsunami studies

MODEL Equation Numerical Mesh/Grid Tsunami Wetting& Operating | Programming
FEATURES Type Schemes Type Source Drying System Languages
Shallow R Rectangular
Finite Diffe , . - )
TUNAMI-N2 water wave R AR constant grid Co-seismic Yes Windows Faortran
) Leap-frog scheme 3
equations domain
TUNAMI-N2-
NUS
Shallow Finite Diffe Dos,
TUNAMI-N3 water wave S . Wested grids Co-seismic Yes Windows, Fartran
) Leap-frog scheme )
equations Unix
Monlinear
Shallow Finite Volumes e Co-seismict
VOLNA Code Triangular } Yes e
Water method Landslides
) Meshes
equations
Rectangular Any
Shallo stant grid implementi
AMO- TS & wat:r w:\re Finde iflerence, m:om:ingn Co-seismic Yes "'g": Ilill:lnlr::!r.-'x|'I|rI Foriran
UBO-TSUFD-VE Leap-f h ! 90,95
equations FARCITOR SCUEME | arsion with %0/95 /
nested grid compiler
Shallow |  Finite Element, | .. . I:::’E -
UBO-TSUFE water wave Two step . Co-seismic No - Fortran 77
watioms leeration Elements g a Fortran
= s 77 compiler
MNavier-
Stokes #
VOF or Finite Volumes Curvilinear or i Windows,
. Shallow method cartesian Rt e Linux Fatasai 0
water wave
equations
Finite Diff
Monlinear mMethu-:IE\:r.i!tTE Maving mesh
Shallow . Mon-unitorm . technigue, .
MOST Water SE::;g::sltia;d Nested grids Co-seismic it Limux Fortran 77
ti lakis1995
s technigque F )
Shallow . Rectangular L
TWO_LAYER water wave Firide Diiievence, Constant EO-SEIS!T"B Yes Windows Fartran
) Leap-frog scheme ) Landslides
equations Grids
Monlinear
S _ Windows,
ComMIT Shallow Finite Difference | Mon-u nrfnlrm Co-saismic Mac 05, e
Water Method Wested grids Unix
equations
Arakawa C-
I 5:a|l|:|w Finite Difference | grid{Arakawa | Co-seismic
Lo mm Method and Lamb, Landslides Faortran
MODEL equations 1977)
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MODEL Equation Numerical Mesh/Grid Tsunami Wettingl& Operating | Programming
FEATURES Type Schemes Type Source Dirying System Languages
ATFM Shallow Finite Diff Structured, ) Imnt'
(AlaskaTsunami | water wave n Methz::lenm nested Co-seismic Yes |m2 E:‘r:rarlln Fortran 90
ForecastModel) | equations meshes E .
90 compiler
il Unstructured
Shallo Finite Element
TsunAWI Waatew |n|h: h r:en Mesh Finite Co-seismic Yes
= EHhe Element Grid
equations
Boussinesg- Landslides
GEOWAVE type [Coupled to Uniz, Linux
equations FUNWAVE])
shallow | iite Diffe mTac Co-seismict Wing
COMCOT water wave T KNSR Enc, O-SEIS!T"E Yes n ",""5 Fortran 90
i Leap-frog scheme | Staggered, Landslides [32- bits)
Sl nested grids
Monlinear 041
ectangul
Shallow | FiniteVolume | "gﬁ o
TSUNAMICLAW | Water | RiemannSohvers | ™o | Co-Seismic Yes Unix, Linux | Fortran 77
: with adaptive
equations
refinement
Windows XP
|capable
using
Shallow | e Diffe Rectangul mumprTm
NAMI DANCE | water wave R S a_' Co-Seismic Yes '_“5' . C++
) Leap-frog scheme | constant grid available in
equations
the
computer by
open MP
capability)
Depth-
inte mted Two-way Co-seismict
N AVE ! Ngnl:- * | Finite Difference ne-shed_ L,anu_:l_slide Yes
rpehsaac Method computation {Initiate
. al grids TSUMAMIZD)
Equation
shallow | ite Vol Triangul
ANUGA water \lua\re m:“e;t:u:me nz‘;ﬁz o Co-seismic Yes Python
equations
Unstructured
Hydro./ Finite element/ :5m Tm Co-seismict
Nonhydro. Finite volume nangu a Landslides
Grids
PMulti-fluid Fixed Mesh
Mavier- Finite Yolume [Cartesian, Co-seismice
THETIS Stoke Method oylindrical or Landslides
Equations curvilinear)
. Eulerian
Rl Finite Difference mesh of Co-seismic+
TSUNAMI3D |  Stokes " _ Fartran
. Method rectangular Landslides
Equations .
cells [var.size)
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MODEL Equation MNumerical Mesh/Grid Tsunami Wetting® Operating | Programming
FEATURES Type Schemes Type Source Drying System Languages
BOSZ Boussinesg- Finite Volume Co-seismic Matlab

type Method
equations
20 shallow
water
equations,
MIKE 21 TL'::;E S F'“;;":J':”"‘" F"::'::E Co-seismic Yes Windows
MNavier-
Stokes
Equations
e - w::;t:\-e Fmﬁ:;g:jﬁgzr;& Aritaura Clo-sitmnict MNo Lirux, Lhnix Fortran 77
SKREDP . . Grid Landslides !
equations Explicit
Shallow
Finite Difference Arakawa C - - .
POL/BGS water 1!ua\ne Method Grid Co-seismic Yes Lirux, Lhnix Fortran 77
equations
Boussinesg Finite Difference
formulation and Element . S
Adapt C Fortran 77,
1HD & ful Method, e | e Yes Linx, Unix | o0
potential Boundary Integral = e F Ry
theory Method
Finite Diffel s
Boussi 'Im T it nt!:::s Arakawa C Fartran 77,
GLOBOUSS et | IR ey e L Co-seismic No Liresx, Ui Seripting
equations AD| iteration for Grid
hoc . Tools(perl)
implicit equations
Regular or
BMIId _SIUDE Finite Elements, “:fg_:l:r C S Diffnackl Cit
DPWAVES BUSSINESR: | Second Order, n FrasIsmE No Linux, Unix | DirPackl
potential imolicit Elements Landslides Library)
formulation E Adaptive
Mesh
MNonlinear Structured
Y Shallow PYM-IFCP finite and non-
MNumerical _ Yes
Model Water volume schemes structured Co-seismic
equations grids
Savage- PYMI-IFCP finite Structured
: Hutter volume schemes and non-
Landslide . Landslides
Shallow- (Castro and Mieto, structured
Water 2012) grids
3D Reynolds
-Averaged Finite difference
Rectangular _ - .
TOC-CADMAS ier-
5 Mavier and wl|..| me of Nessted Grids Co-seismic Yes Linux, Unix Fortran 90
Stokes fluid
Equations

2.2

Detailed Information on the Numerical Models

Project no: 20120768-01-R
Date: 2015-02-01

Revision: 1

Page: 12

TUNAMI MODEL, Tsunami Numerical Simulation of Dr. Fumihiko Imamura, Prof.
of Tsunami Engineering School of Civil Engineering, Asian Inst. Tech. and Disaster
Control Research Center, Tohoku University is prepared in June, 1995 for TIME
project. The TIME (Tsunami Inundation Modeling Exchange) started in 1991 as a
joint effort Of IUGG and IOC/UNESCO during IDNDR. The Disaster Control
Research Center (DCRC), Tohoku University, Japan has been acting as the center of
TIME, to transfer numerical technique of tsunami simulation to the countries which

suffered or will suffer tsunami hazards. (http://tunamin2.ce.metu.edu.tr/ )
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The TUNAMI code consists of;

TUNAMI-N1 (Tohoku University’s Numerical Analysis Model for Investigation of
Near-field tsunamis, No.1),

TUNAMI-N2,

TUNAMI-NS3,

TUNAMI-F1 (linear theory for propagation in the ocean in the spherical co-
ordinates) and

TUNAMI-F2 (linear theory for propagation in the ocean and coastal waters)

The TUNAMI-N2 model is tested, validated, discussed and verified in the NSF
Workshop on Benchmark Problems on Tsunami Modeling in Catalina Island. It is
developed by Disaster Control Research Center, Tohoku University, Japan and
Ocean Engineering Research Center, Middle East Technical University, Turkey for
operational and research purposes. Model is generated for fault dislocation based on
Okada 1985 for co-seismic tsunamis. Arbitrary shape of initial wave, dynamic input
of wave at arbitrary location and shape can be controlled by user. The model creates
the initial wave from different sources and generates the sea state at specific time
intervals of tsunami during simulation. There are more than 25 institutions using this
code. The model is applied to Indian Ocean, Tanzania, Andaman sea, South China
Sea, Malacca Strait, Malaysia, Java- Indonesia, Singapur, Sumatra- Indonesia,
Mediterranean Sea, Maldives, Aegean Sea, India, Marmara Sea, Macran Case, Black
Sea, Madagascar, Scenarios for Istanbul, Caribbean Sea.

Dao and Tkalich (2007) describe further development of original TUNAMI-N2
model to take into account additional phenomena: astronomic tide, sea bottom
friction, dispersion, Coriolis force, and spherical curvature in their study. The code
is modified to be suitable for operational forecasting, and the resulting version
(TUNAMI-N2-NUS) is verified using test cases, results of other models, and real
case scenarios. Using the 2004 Tsunami event as one of the scenarios, they examined
sensitivity of numerical solutions to variation of different phenomena and
parameters, and the results are analyzed and ranked accordingly. Furthermore, Dao
and Tkalich (2013) reviewed and hindcasted recent significant earthquake and
tsunami events in South East Asia using TUNAMI-N2-NUS model, with the purpose
of the model validation and the source estimation. All these three powerful
tsunamigenic earthquakes occurred on the boundary of the Indo-Australian Plate and
Eurasia Plate, or the Sunda trench (Dao and Tkalich, 2013).

TUNAMI-N3 is an open source, fully tested model and verified for most of tsunami
past events. The model is applied to 1833 Sumatera (Bengkulu) Tsunami, 1996 Toli-
toli (Sulawesi) Tsunami, 1883 Krakatau Tsunami, 1996 Biak Tsunami, 1935 North
Sumatera Tsunami, 2000 Banggai Tsunami, 1992 Flores Tsunami, 2004 Aceh
Tsunami, 1994 East Java Tsunami, 2006 South Java Tsunami, Scenarios for Fethiye
and Pylos and Caribbean Sea.

The numerical code VOLNA is a novel tool for tsunami wave modeling which is able
to handle the complete life cycle of a tsunami (generation, propagation and run-up
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along the coast). The code was developed in close collaboration with R. Poncet and
F. Dias when the first author was at CMLA, ENS de Cachan. The VOLNA code is
operational and is able to run in complex and rapidly varying conditions. Owing to
the implementation of various types of boundary conditions, the code VOLNA can
be coupled to other solvers and treat exclusively the zones where the NSWE are
physically relevant. The code is validated for accuracy, run-up algorithm and
treatment of steep depth fields and time varying bathymetry in a conservative shallow
water framework by using different analytical benchmarks. (Dutykh et al., 2011).
Moreover, the capability of the code to model realistic events is also shown using an
experimental benchmark.

UBO-TSUFE is another model to simulate tsunami generation and propagation
developed by Universita di Bologna, Dip. di Fisica, Settore Geofisica, Italy for
research purposes. In the model, multi- fault vertical co- seismic displacements are
computed through Okada’s formulas and corrected for bathymetric effects in the case
of an earthquake source; impulses are computed through UBO- TSUIMP in case of
moving body. Loss of energy due to the interaction with the boundaries and with sea
bottom is observed. Coriolis force can be included in the model and it has command
line interface. Tsunami Research Team of the University of Bologna has applied this
model to the scenarios in the Mediterranean Sea (simulation of historical events in
the Adriatic Sea, lonian Sea, Tyrrhenian Sea, 1999 Izmit bay earthquake-induced
tsunami, and scenarios in the Gulf of Corinth and of Mediterranean-wide tsunamis),
and in the Indian Ocean (2004 Sumatra, 2006 Java, and several scenarios).

The models UBO- BLOCK1 & UBO-BLOCK?2 are also developed for research
purposes by Universita di Bologna, Dip. di Fisica, Settore Geofisica, Italy. They are
used for the simulation of the landslides (the motion of the sliding masses). The
equations used in this model are equations of motion for a set of contiguous blocks
interacting each other and interacting with the bottom topography. Numerical model
for the calculation of the dynamical evolution of a body sliding down topography is
observed. The model has also command line interface. Tsunami Research Team of
the University of Bologna has applied this model to several areas such as Stromboli
island shallow landslide and sector collapse (ltaly), Ischia island flank collapse
(Italy), 1zmit Bay small slump (Turkey), Corinth Gulf shallow landslide scenarios
(Greece), The Vajont landslide evolution (Italy) and Oshima-Oshima sector collapse
(Japan).

The models UBO-TSUFD & UBO-TSUFD-VB are developed for research purposes
by Universita di Bologna, Dip. di Fisica, Settore Geofisica, Italy. Multi- fault vertical
co- seismic displacements computed through Okada’s formulas and corrected for
bathymetric effects. The model has command line interface. Tsunami Research Team
of the University of Bologna has applied this model to the scenarios in the
Mediterranean Sea, 2004 Sumatra tsunami, 2006 Java tsunami, and scenario
tsunamis in the Indian Ocean.
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AQUILON is developed in France by UMR TREFLE CNRS and University of PAU
(UPPA). The landslide generated tsunami model is fully tested for research purposes.
Landslides are simulated as fluids either Newtonian or non-newtonian. Rigidity is
achieved by setting the viscosity value to infinity. The user interface is through text
files and keywords. The reference user of the model is fluid mechanics community
in France and they applied the model to academic problems such as wave breaking,
wave run-up, waves generated by landslides, dam breaking.

The model, TWO_LAYER, which is created in Tohoku University Disaster Control
Research Centre in Japan, is developed by Japan and Turkey for research and
operational purposes. The code is tested, validated, discussed and verified in the NSF
Workshop on Benchmark Problems on Tsunami Modeling in Catalina Island. The
model uses landslide characteristics, Okada 1985 for Co-seismic Tsunamis and
arbitrary shape of initial wave (determined by user). More than five institutions
(Reference users: Middle East Technical University Ocean Engineering Research
Center, Ankara., Department of Applied Mathematics Russian Academy of Sciences,
Nizhny Novgorod, Russia., Department of Nonlinear Geophysical Institute of
Applied Physics, Russian Academy of Science, Russia) have applied the model to
Indian Ocean, South China Sea, Sumatra- Indonesia, Mediterranean Sea, Aegean
Sea, Caribbean Sea, Marmara Sea, and Black Sea.

The MOST (Method of Splitting Tsunami) model, developed by Prof. Titov of PMEL
(Pacific Marine Environmental Laboratory) and Prof. Synolakis of University of
Southern California, is a suite of numerical simulation codes capable of simulating
three processes of tsunami evolution: earthquake, transoceanic propagation, and
inundation of dry land. The code is tested, validated, discussed and verified with
experimental data and in the 3rd International Workshop on Long wave runup models
in Catalina Island. The model is based on elastic deformation theory of Gusiakov
(1978) and Okada (1985). MOST is applied to Indian Ocean, Pacific Ocean,
Mediterranean Sea, and Aegean Sea by NOAA and FORTH. MOST is the standard
model used at the NCTR (Noaa Center for Tsunami Research) in the development of
tsunami inundation forecast models. Some examples of the use of the MOST model
are Trans-Pacific Propagation: The June 10 and 1996 Andreanov tsunami as a test of
the MOST propagation model. Inundation of the Aonae peninsula during the July 12,
1993 Hokkaido-Nansei-Oki tsunami is also computed with the MOST model.
(http://nctr.pmel.noaa.gov/Titov/show/ )

To develop a web-based community tsunami model, the United States Agency for
International Development (USAID) funded NOAA/PMEL/NCTR to develop a tool
that would assist in achieving this goal. The NCTR subsequently developed
ComMIT, which is a rich graphical interface to a precomputed tsunami scenario
database and to the MOST model. ComMIT is designed analogously to MOST’s
command-line operation. It addresses concerns regarding proprietary bathymetry
data, while allowing dissemination of results to the tsunami research community.
ComMIT uses initial conditions from a precomputed propagation database, has an
easy graphical interface to output modeling results, and requires minimal hardware.
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ComMIT also allows incorporation of other tsunami models such as TsunAWI
(Harig et al., 2008) or TUNAMI (Imamura, 1995). The interface also allows for
Internet sharing of the model results, either as a Google Earth animation, or through
the use of shared databases via the OPeNDAP protocol (http://opendap.org). Since
this community modeling tool was developed by the NCTR, more than 60 researchers
from Indian Ocean countries have been trained in inundation modeling with
ComMIT. (Titov, V. V., etal., 2011). Including all the courses, almost 150 scientists
have been trained not only in ComMIT, but also in the basics of tsunami science. It
is important to emphasize that the MOST model and the interface ComMIT are only
accessible to professionals who undergo training through these specialized training
courses.

ALASKA TSUNAMI MODEL is developed at the Geophysical Institute, University
of Alaska Fairbanks as a numerical model of the wave dynamics in Passage Canal,
Alaska during the Mw 9.2 mega thrust earthquake. The suit of numerical models
employed by the State of Alaska for the tsunami inundation mapping project
comprises tectonic tsunami model, landslide-generated tsunami model and seiche
tsunami model. The model computes inundation by each type of wave during the
1964 event. Tectonic tsunami model is a numerical model that has been described
and tested through a set of analytical, laboratory, and field benchmark problems
(Nicolsky et al., 2011). To simulate tsunamis produced by underwater slope failures,
a numerical model of a viscous underwater slide with full interactions between the
deforming slide and the water waves that it generates is used. Nicolsky and others,
(2010) considered a fixed coordinate system to model run-up of the seiche tsunami
by considering motion of the reservoir.

The Alaska Tsunami Forecast Model (ATFM) was developed at the West
Coast/Alaska Tsunami Warning Center in coordination with the University of
Alaska, Fairbanks Institute of Marine Sciences. The system first went into operations
in 1997 and an upgrade to a newer version was in progress in 2010.

The ATFM is a completely pre-computed forecast model that is scaled by
observations during an event. Other than simple scaling, no computations are
performed during the event. Model output includes energy propagation maps and
wave height forecasts for over 500 DART and coastal locations throughout the
Pacific. Over 600 pre-computed runs provide energy maps and amplitude forecasts
for over 500 locations throughout the North American continent and Hawaii. The
ATFM is very simple to use during an event, requiring only a few keystrokes and
seconds of time. It instantly displays coastal forecasts at many locations, providing
the Watchstander a quick look at an event’s danger level. ATFM output is also used
before events to help set warning zones for specific events.
(http://www.meted.ucar.edu/tsunami/warningsystem/print.htm#page_3.4.3)

The tsunami model TsunAWI1 simulates all stages of a tsunami from the origin and
the propagation in the ocean to the arrival at the coast and the inundation on land. In
the framework of the German-Indonesian Tsunami Early Warning System

\\xfil1\prodata$\2012\07\20120768\leveransedokumenter\rapport\deliverables\klart ~ for khe\rapsodi_deliverable-1_final_revised201504ch-go-
ch.docx


http://opendap.org/
http://www.meted.ucar.edu/tsunami/warningsystem/print.htm%23page_3.4.3

Project no: 20120768-01-R
Date: 2015-02-01

Revision: 1

Page: 17

(GITEWS), the tsunami modeling group at AWI (Alfred Wegener Institute) has
developed the operational model code TsunAWI and provided the warning centre at
the Indonesian Agency for Meteorology, Climatology, and Geophysics (BMKG),
Jakarta, Indonesia, with a repository of 3470 prototypic tsunami scenarios
(Rakowsky, 2013). The development of TsunAWI started as a spin-off of the ocean
model FESOM (Finite Element Sea-Ice Ocean Model) (Wang et al., 2012b, and
references therein). The model includes Coriolis, bottom friction and viscosity
forcing terms. It proves to be accurate and useful for inundation studies, sensitivity
analysis, and hazard assessment (Behrens, 2008).

GEOWAVE is a comprehensive tsunami simulation model formed in part by
combining the Tsunami Open and Progressive Initial Conditions System (TOPICS)
with the fully non-linear Boussinesq water wave model FUNWAVE. Funwave is a
phase-resolving, time-stepping Boussinesq model for ocean surface wave
propagation in the nearshore. Boussinesgq wave models have become a useful tool for
modeling surface wave transformation from deep water to the swash zone, as well as
wave-induced circulation inside the surfzone. TOPICS uses curve fits of numerical
results from a fully nonlinear potential flow model to provide approximate landslide
tsunami sources for tsunami propagation models, based on marine geology data and
interpretations. GEOWAVE is validated with successful case studies of the 1946
Unimak, Alaska, the 1994 Skagway, Alaska, and the 1998 Papua New Guinea events.
(Watts etal., 1999). GEOWAVE simulates accurate runup and inundation at the same
time, with no additional user interference or effort, using a slot technique. Wave
breaking, if it occurs during shoaling or runup, is also accounted for with dissipative
breaking model acting on the wave front.

COMCOT (Cornell Multi-grid Coupled Tsunami Model) is a model developed in
Cornell University, USA for research purposes. It is tested (compared with both
experiments and field data) and beta version is released. COMCOT is a tsunami
modeling package, capable of simulating the entire lifespan of a tsunami, from its
generation, propagation and runup/rundown in coastal regions. Waves can be
generated via incident wave maker, fault model, landslide, or even customized
profile. To implement the fault model in COMCOT, totally NINE parameters need
to know: latitude and longitude of epicenter, focal depth, length and width of fault
plane, dislocation, strike angle, slip angle and dip angle. The users for this code is
research groups in Japan, Taiwan, US, Sri Lanka and Spain. The model is applied to
tsunami propagation, run-up and inundation, tsunami mitigation fields. It has been
used to investigate several historical tsunami events, such as the 1960 Chilean
tsunami, the 1992 Flores Islands (Indonesia) tsunami (Liu, 1994; Liu et al., 1995),
the 2003 Algeria Tsunami (Wang and Liu, 2005) and more recently the 2004 Indian
Ocean tsunami (Wang and Liu, 2006).

GeoClaw is a variant of the Clawpack open source software (LeVeque et al., n.d.)
that LeVeque and collaborators have been developing since 1994. It allows one to
model various flooding problems, particularly global-scale tsunamis and inundation
on a latitude-longitude grid (or smaller local flooding on a Cartesian grid) with a
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diverse range of spatial and temporal scales. This is accomplished by using a single
coarse level 1 grid for the entire domain, and evolving rectangular Cartesian sub-
grids of higher refinement, level 2, , level n, that track moving waves and inundation
at the shoreline. Up to six levels may be used (though typically four or less is
recommended). At any given time in the calculation, a particular level of refinement
may have numerous disjoint grids associated with it. User specified integers
determine the refinement ratios between particular levels, which can lead to a large
degree of refinement even for a small number of levels. GeoClaw was initiated in the
PhD work of David George (George, 2006; LeVeque and George, 2004; George and
LeVeque, 2006; George, 2008) and was originally called TsunamiClaw which was
applied to Sumatra for tsunami propagation, run-up and inundation. GeoClaw
supersedes the TsunamiClaw package and provides the original plus additional
functionality. Validation studies of the more recent GeoClaw software have been
presented in several peer-reviewed papers: the Chile 2010 tsunami used as a test
problem in Berger et al. (2011), further tests in LeVeque et al. (2011), Grid
refinement studies and comparison with field data for the widely studied Malpasset
dam failure in George (2010), tests performed for a tsunami-like wave propagating
on the full sphere, using a novel mapped grid that covers the sphere with a logically
rectangular finite volume grid in Berger et al. (2009). GeoClaw Tsunami Modeling
Group, University of Washington, has modeled the Great Tohoku Tsunami of 11
March 2011. Some results were posted online as computed in the days after the event
and can be viewed at http://www.clawpack.org/links/honshu2011/.

NAMI DANCE is a computational tool developed by Profs Andrey Zaytsev, Ahmet
Yalciner, Anton Chernov, Efim Pelinovsky and Andrey Kurkin as a collaboration by
Ocean Engineering Research Center, Middle East Technical University, Turkey and
Department of Nonlinear Geophysical Institute of Applied Physics, Russian
Academy of Science, Russia especially for tsunami modeling. It provides direct
simulation and efficient visualization of tsunamis to the user and for assessment,
understanding and investigation of tsunami generation and propagation mechanisms.
The model is tested and verified for research and operational purposes.

NAMI DANCE has been developed by using the identical computational procedures
of TUNAMI N2. Both codes are cross tested also verified in international workshops
specifically organized for testing and verifications of tsunami models (Synolakis,
Liu, Yeh, 2004, Yalciner et. al., 2007b). These models have been applied several
tsunami application all over the world (some of references are Yalciner et. al. 1995,
2002 a,b,c 2007 a,b, Zahibo et. al. 2003 a,b).

As well as tsunami parameters, NAMI DANCE computes:

- tsunami source from either rupture characteristics or pre-determined wave form,
- propagation,

- arrival time,

- coastal amplification,

- inundation (according to the accuracy of grid size),

- distribution of current velocities and their directions at selected time intervals,

\\xfil1\prodata$\2012\07\20120768\leveransedokumenter\rapport\deliverables\klart ~ for khe\rapsodi_deliverable-1_final_revised201504ch-go-
ch.docx



Project no: 20120768-01-R
Date: 2015-02-01

Revision: 1

Page: 19

- distribution of discharge fluxes at selected time intervals,

- distribution of water surface elevations (sea state) at selected time intervals,

- relative damage levels (Froude Number and its square) according to drag force and
impact force,

- time histories of water surface fluctuations at selected gauge locations,

-3D plot of sea state at selected time intervals from different camera and light
positions,

-Animation of tsunami propagation between source and target regions (Yalciner et.
al., 2006, 2007b).

The previous application areas include Indian Ocean, Tanzania, Andaman sea, South
China Sea, Malacca Strait, Malaysia, Java- Indonesia, Singapore, Sumatra-
Indonesia, Mediterranean Sea, Maldives, Aegean Sea, India, Marmara Sea, Macran
Case, Black Sea, Madagascar, Scenarios for Fethiye and Pylos, Kenya, and
Caribbean Sea. (http://namidance.ce.metu.edu.tr/ )

NEOWAVE (Non-hydrostatic Evolution of Ocean WAVES) is a shock-capturing,
dispersive model for tsunami generation, basin-wide evolution and coastal
inundation and run up (Yamazaki et al., 2011). It is developed as an advanced
tsunami model by Yoshiki Yamazaki and Kwok Fai Cheung, Department of Ocean
and Resources Engineering, University of Hawaii at Manoa. The depth-integrated
model describes dispersive waves through the non-hydrostatic pressure and vertical
velocity, which also account for tsunami generation from kinematic seafloor
deformation. Previous studies have verified and validated the hydrostatic model for
wave propagation, transformation, and run-up with analytical solution and laboratory
data (Kowalik&Murty, 1993, Kowalik et al., 2005, 2006, Yamazaki et al., 2009). The
resulting tsunami of 2009 Samoa Earthquake occurred near Tonga Trench is
reconstructed using Neowave to examine the disparities such as variation of the run-
up and impact between adjacent beachfront villages (Koshimura et al., 2009, Okal et
al., 2010) in the recorded data(Yamazaki et al.,2010). Some of the application areas
of NEOWAVE are the tsunami inundation mapping of Hawaii, Northwest Hawaiian
Islands, American Samoa, Western Samoa, the US Gulf coasts, Puerto Rico and
Chile, the storm surge and wave modeling of Pacific Islands, and the US East coasts
and the tsunami modeling workshop of Chile. Recent and future tsunami researches
are also the resonance analysis due to insular shelf of the 2009 Samoa Tsunami
(Roeber, V., Yamazaki, Y., and Cheung, K.F., 2010), the resonance analysis over
continental shelf of the 2010 Chile Tsunami (Yamazaki, Y., and Cheung, K.F., 2011),
the earthquake and tsunami source study of the 2010 Mentawai Tsunami (Lay, T.,
Ammon, C.J., Kanamori, H., Yamazaki, Y., and Cheung, K.F., 2011) and the impact
study of the 1700 Cascadia Tsunami on coastal infrastructure (Cheung et al., 2011).

The 3-D model, dubbed TSUNAMI3D (for Tsunami Solution Using Navier-Stokes
Algorithm with Multiple Interfaces) has been developed by the University of Alaska
Fairbanks (UAF) and by Texas A&M University at Galveston (TAMUG). The basic
mode of operation is for single fluid calculation having multiple free surfaces.
However, TSUNAMI3D can also be used for calculations involving two fluids
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separated by either a sharp or indefinite (diffusive) interface, for instance, water and
mud. In either case, the fluids may be treated as incompressible. Internal obstacles or
topography are defined by blocking out fully or partly any desired combination of
cells in the mesh. The TSUNAMI3D code was exclusively developed for tsunami
calculations. The current TSUNAMI3D code has undergone dramatic changes from
its original conception. In particular, the VOF algorithm for tracking the movement
of a free surface interface between two fluids or between a fluid and a void has been
simplified especially for the 3-D mode of operation. The simplification accounts for
the horizontal distortion of the computational cells with respect to the vertical scale
that is proper in the construction of efficient 3-D grids for tsunami calculations. In
addition, the pressure term has been split into two components, hydrostatic and non-
hydrostatic. The splitting of the pressure term allows users of the model to obtain a
hydrostatic solution by merely switching off the non-hydrostatic pressure term.
Therefore, TSUNAMI3D can be used to separate out non-hydrostatic effects from
the full solution while keeping the three dimensional structure. TSUNAMI3D is
suitable for complex tsunami generation because it is capable of modeling: (1)
moving or deformable objects, (2) subaerial/subsea landslide sources, (3) soil
rheology, and (4) complex vertical or lateral bottom deformation.

The tsunami propagation and inundation model SELFE (Zhang and Baptista 2008a)
is envisioned at its inception to be an open-source community-supported 3-D
hydrodynamic/hydraulic model. This philosophy remains the corner stone of the
model to this day. Originally developed to address the challenging 3-D baroclinic
circulation in the Columba River estuary, it has since been adopted by 65+ groups
around the world and evolved into a comprehensive modeling system encompassing
such physical/biology processes as general circulation (Burla et al. 2010), tsunami
and hurricane storm surge inundation (as in the on-going 100S sponsored SURA
project), ecology and water quality (Rodrigues et al. 2009ab), sediment transport
(Pinto et al. 2011), wave—current interaction (Roland et al. 2011) and oil spill
(Azvedo et al. 2009). The time stepping in SELFE is done semi-implicitly for the
momentum and continuity equations, and together with the Eulerian-Lagrangian
method (ELM) for the treatment of the advection, the stringent CFL stability
condition is bypassed. The remaining stability conditions are related to the horizontal
viscosity and baroclinic gradient terms, which are very mild (in the case of tsunami
applications, these conditions are absent). For seismic tsunamis, it is also explicitly
modeled the earthquake stage (i.e., with moving bed) in order to obtain accurate
initial acceleration (Zhang and Baptista 2008b). Since 2007, all components of the
SELFE modeling system have been fully parallelized using domain decomposition
and Message Passing Protocol (MPI). This has further enhanced efficiency. For
example, in the recent simulation of the impact of the 1964 Alaska event on the US
west coast, a large grid is used (with 2.9 million nodes and 6 million elements) to
resolve 12 major estuaries and rivers in the PNW (Zhang et al. 2011). With 256 CPUs
on NASA'’s Pleiades cluster, the 6-hour simulation took only 2.25 hours wall-clock
time. The largest grid implemented on Pleiades for SELFE so far has over 10 million
nodes in the horizontal and 26 levels in the vertical.
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HySEA numerical model for the simulation of earthquake generated tsunamis is
presented in Macias et al. (2013) study. In their study, the initial sea surface
deformation is computed using Okada model. Generation, propagation and
inundation phases are all integrated in a single code and computed coupled and
synchronously when they occur at the same time. Inundation is modeled by allowing
cells to dynamically change from dry to wet and reciprocally when water retreats
from wetted areas. They state that the GPU model implementation allows faster than
real time (FTRT) simulation for real large-scale problems. The model is verified by
hindcasting the wave behavior in several benchmark problems in their study. In
addition, numerical results for an earthquake-generated tsunami in the Mediterranean
Sea are presented and computing time analysed. Gonzélez-Vida et al. (2012)
presented a work in collaboration with the NOAA Center for Tsunami Research to
apply the GPU version of the HySEA-Landslide model to the 1958 landslide
generated mega-tsunami of Lituya Bay. The HySEA-Landslide is a Savage-Hutter
Shallow-Water coupled model based on the PVM-IFCP finite volume schemes
(Castro and Nieto, 2012). In this model, a layer composed of fluidized granular
material is assumed to flow within an upper layer composed of an inviscid fluid (e.g.
water) and it is discretized using a two dimensional finite volume scheme
implemented on GPU cards for increasing the speed-up. This model has been
validated by using the two-dimensional physical laboratory experiments data from
H. Fritz (2009). In order to simulate the 1958 Lituya Bay mega-tsunami, Gonzalez-
Vida et al. (2012) have reconstructed the previous topo bathymetry based on USGS
geological surveys. A sensivity analysis of some parameters has been performed in
order to determine the best parameters of the model able to reproduce the real event.

STOC-CADMAS System is a numerical tool used for simulating tsunami and storm
surge events developed by Japanese researchers. These simulations include
information on generation, propagation, amplification and inundation characteristics
in addition capabilities to estimate damage on the coastal structures. STOC-
CADMAS System consists of three different numerical models (STOC-ML, STOC-
IC and CADMAS-SUREF) that are applied as a nested (layered) grid system. STOC-
ML is the multi-level model to compute the tsunamis in a wide sea area in
comparatively small computation time. STOC-IC is the non-hydrostatic pressure
model used to estimate tsunamis in an area near a coastal city. CADMAS-SURF is
also a non-hydrostatic pressure model applied in the smallest layer to estimate
tsunami impact on coastal structures. The difference between STOC-IC and
CADMAS-SURF is the method to determine free surface. STOC-IC uses the
integrated continuity equation and CADMAS-SURF uses volume of fluid (VOF)
method to analyse the position of free surface (Tomita et al., 2006, Takahashi et al.,
2007)). This model is tested in various benchmark tests. The model is applied not
only in Japanese coasts, but also in different places around the world including the
Sea of Marmara, Turkey. (Yalciner et al., 2014)

The model TSUNAMI-SKREDP is developed for operational and research purposes
by the Department of Mathematics, University of Oslo/Norwegian Geotechnical
Institute/ICG, Norway. The model is certified (as critical software at NGI) and fully
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tested (grid refinement, comparison with analytic solutions, comparison with results
from independent codes, careful assessment of features). Any initial sea surface
deformations, prescribed source functions for landslides and earthquakes, or input
from files are the generation input for this model. The model is considered simple,
fast and robust. The model has Norwegian command driven interface. The user
community for TSUNAMI-SKREDP is NGI and University of Oslo. The model has
been applied to North East Atlantic, Arctic Ocean, Norwegian Fjords, Mediterranean,
Indian Ocean, South China Sea, hydropower reservoirs in Norway and The
Philippines for research and consulting purposes.

POL/BGS is a model developed by POL, UK for research and pre- operational
purposes. The generation model is Okada elastic dislocation or any surface
deformation. The user interface is through several parameter files. The model is used
by POL/BGS/UK Met Office researchers and is applied to Northwest European
continental shelf, simulation of the Lisbon 1755 tsunami, and other scenarios that
could affect the UK and Ireland.

THETIS is developed by the TREFLE CNRS laboratory at the University of
Bordeaux 1. It is a multi-purpose CFD code, freely available to researchers
(http://thetis.enscbp.fr) and fully parallelized. THETIS solves the incompressible NS
equations for water, air, and the slide. Basically, at any time, the computational
domain is considered as being filled by one “equivalent” fluid, whose physical
properties (namely density and viscosity) vary with space. Subgrid turbulent
dissipation is modeled based on a Large Eddy Simulation approach, using a mixed
scale sub grid model (Lubin et al., 2006). THETIS has been extensively validated for
many theoretical and experimental flow cases. Hence, each new version of THETIS
has to successfully solve more than 50 validation cases within a certain expected
accuracy, before being released. Abadie et al. (2006, 2008, and 2010) simulated
classical landslide tsunami benchmarks involving rigid bodies using THETIS. In
these papers, rigid slides are simulated as a Newtonian fluid, for which deformation
is prevented by specifying an infinite viscosity. With the use of this so-called penalty
method, the slide displacement is computed implicitly and thus no longer prescribed
as in most other similar studies. Abadie et al. (2010) performed convergence studies
and showed that result accuracy on the free surface is satisfactory as long as enough
grid cells are used to ensure that the slide motion is correctly reproduced. This penalty
method is an improvement that may help NS models to become more suitable for
more realistic applications or case studies, in which, of course, slide motion is always
unknown. However, real slides are far more complex than solid bodies. Next step is
thus to validate the model for waves generated by deformable slides. For that
purpose, the generalized non Newtonian fluid model (i.e., a Herschel-Bulkley fluid)
has been implemented in THETIS and are currently performing tests using this
constitutive law.

ANUGA is a free and open source software tool for hydrodynamic modelling,
suitable for predicting the consequences of hydrological disasters such as riverine
flooding, storm surges and tsunamis. In order to simulate the behaviour of water flow

\\xfil1\prodata$\2012\07\20120768\leveransedokumenter\rapport\deliverables\klart ~ for khe\rapsodi_deliverable-1_final_revised201504ch-go-
ch.docx



Project no: 20120768-01-R
Date: 2015-02-01

Revision: 1

Page: 23

from such hazards within the built environment, Geoscience Australia and the
Australian National University are developing this software modelling tool,
ANUGA, for hydrodynamic simulations. ANUGA is currently being applied in a
number of projects where impacts from tsunami events on coastal communities are
simulated. ANUGA calculates the maximum water depth for the study area which is
then provided as a map for use by emergency managers. Projects include Tsunami
Impact Modelling for Western Australia (with Fire and Emergency Services
Authority) and  support to the  Australian  Tsunami  Warning
System. (http://www.ga.gov.au/hazards/our-technigues/modelling/our-models/what-
is-anuga.html). ANUGA has been extensively validated against wave tank
experiments and field studies where available. Examples include validation against
the wave tank experiment for the Okushiri 1995 tsunami (Nielsen et al., 2005), wave
tank runup experiments at University of Queensland (Barnes and Baldock, 2007), the
2004 Indian ocean tsunami impact at Patong Beach (Jakeman et al., 2010),
comparison to other models (Drie et al., 2010).

BOSZ (Boussinesq model for Ocean & Surf Zones) is a numerical model for
propagation, transformation, breaking, and runup of water waves (Roeber et al.
(2010) and Roeber and Cheung (2012)). BOSZ was specifically designed for
nearshore wave processes in the presence of fringing reefs in tropical and sub-tropical
regions around the world. Typical nearshore processes that numerical models have
to deal with are abrupt transitions from dispersion-dominated to flux-dominated flow
through a wide range of wave breaking conditions. The formation, propagation, and
runup of breaking waves or bores involve shock-related hydraulic processes in which
additional treatments are necessary to enforce conservation laws across flow
discontinuities. A numerical model designed for such extreme conditions provides a
robust platform for a wide range of nearshore wave conditions elsewhere around the
world. BOSZ was developed with the goal of obtaining reliable and robust results in
addressing the complementary but somewhat opposing physical processes of flux
and dispersion throughout a single numerical model. BOSZ is primarily used for
modeling nearshore and surf-zone processes of swell and wind waves. The model
can be applied to near-field tsunami scenarios. BOSZ combines the dispersive
properties of a Boussinesg-type model with the shock capturing capabilities of the
conservative form of the nonlinear shallow-water equations. BOSZ allows the
simulation of dispersive waves up to medium order as well as supercritical flows with
discontinuities. BOSZ is a NOAA approved model for inundation mapping and
hazard mitigation.

MIKE 21 is a comprehensive modelling system for the simulation of hydraulics and
hydraulic-related phenomena in estuaries, coastal waters and seas. It can be applied
to any two-dimensional free-surface flows where stratification can be neglected. The
various modules of the system simulate hydrodynamics, advection-dispersion, short
waves, sediment transport, water quality, eutrophication and heavy metals. An
extensive pre- and post-processing module allows analysis and graphical
presentation of both data and model results. The model was developed by the Danish
Hydraulic Institute (DHI) and the model simulates the growth, decay and
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transformation of wind generated waves and swells in offshore and coastal
areas. MIKE 21 has successfully been used for coastal flooding studies in hundreds
of studies for more than 35 years. The model is also used in tsunami modelling
studies. Gayer et al. (2010) studied the tsunami inundation modelling based on
detailed roughness maps of densely populated areas performing with the MIKE 21
Flow Model. Kaiser et al. (2011) also used the numerical model MIKE 21 FM to
hindcast the observed tsunami inundation and to draw conclusions on the influence
of land cover on inundation patterns in their case study. They carried out detailed
inundation simulations to support damage analysis and risk assessment related to the
2004 tsunami in Phang Nga and Phuket, Thailand. Another example is Gopinath et
al. (2014) in which the inundation of the 2004 Indian Ocean tsunami is simulated for
the coastlines of Chennai and Nagapattinam based on high-resolution topography.
The authors employed the model Mike 21 HD to simulate the 2004 Indian Ocean
tsunami.

The model 1HD is developed by the Department of Mathematics, University of
Oslo/ICG, Norway for research and verification of other models. It is fully tested
(grid refinement, careful assessment of features, inter-comparison of models, check
against analytical solutions, benchmarks). The generation is by pre-described source
functions for landslides and earthquakes and input from files. Assessment of grid
resolution is required. It includes the dispersive effects and nonlinear effects in
tsunami generation and propagation. The user interface is based on scripts, command
driven and coded in mixed language. The model is used by University of Oslo, NGl,
and ICG. The model is applied to North East Atlantic, Arctic Ocean, Norwegian
Fjords, Indian Ocean, and Mediterranean.

The model GloBouss is also being developed by the Department of Mathematics,
University of Oslo/Norwegian Geotechnical Institute/ICG, Norway for operational
and research purposes since spring 2007 and is still in progress. The equations are
presented in Pedersen and Lovholt (2008) with emphasis on the inclusion of spherical
coordinates and the Coriolis force. They chose to start with the standard Boussinesq
formulation, but have modified it to achieve improved dispersion properties for
moderately short waves. The performance of the model is also compared to state of
the art models (FUNWAVE/COULWAVE) in Pedersen and Lovholt’s (2008) study.
It is thoroughly tested (analysis of properties, grid refinement, inter-comparison of
models, analytical solutions). The generation is by input from files. The model is
suitably coded for dispersive transoceanic propagation. The user interface is
command driven, front end scripts in English. The model is used by University of
Oslo, NGI, and ICG and applied in most oceanic regions with major fault zones
worldwide. The model is also used in tsunami modelling studies. Lovholt et al.
(2008) used GloBouss for the wave propagation modeling in their study of Oceanic
propagation of a potential tsunami from the La Palma Island. Lovholt et al. (2010)
also carried out a research on Coupling of dispersive tsunami propagation and
shallow water coastal response and combined the model GloBouss with
ComMIT/MOST that is an operational shallow water tsunami model suitable for
computation of coastal impact and runup. They illustrated the performance and
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flexibility of the joint model approach by two case studies including inundation
computations at selected cites (La Palma Island used as an example of slide generated
tsunamis and Lesser Antilles example is a tsunami from a potential inverse thrust
fault).

The model DPWAVES is developed by the Department of Mathematics, University
of Oslo, Norway for operational and research purposes and is validated through basin
oscillations, and solitary waves (Langtangen and Pedersen, 1998). The generation is
by prescribed source functions for landslides and earthquakes or input from files. The
model is flexible with respect to type of elements and different types of adaptive
mesh can be generated. The user interface is command driven. NGI applied the model
to the Indian Ocean, Paleo Barents Sea for research and to Norwegian fjords for
consulting risk analyses (NGI, 2008).

2.3 Summary

Over the past decades, especially after 2004 Indian Ocean Tsunami event, a variety
of tsunami propagation models have been developed, based on a variety of governing
equations, numerical methods, spatial and temporal discretization techniques, and
wetting-drying algorithms used to predict tsunami run-up. Available information on
many of the models have been provided in the previous section. Several important
points could be summarized as follows:

e Although most of the numerical models use seismic source information as the
generation mechanism of tsunami, some models include landslide
mechanisms as well. Models which work on the landslide generated tsunami
event generally have limitations on the accurate representation of the
landslide due to rigid body assumptions.

e Different equations such as shallow water, Navier-Stokes and Bousinessq
equations are solved with a variety of numerical schemes. Each of these
solutions require set of assumptions that could affect the performance of the
models.

e Structured, unstructured and nested meshes are the most common types as
mesh/grid in the models. The type of grid used by the model can determine
the accuracy of representing the bathymetry/topography, accuracy of the
inundation as well as the computation duration. Nested meshes have become
widely used in the recent years, as different resolutions could be used in the
model that can decrease the computation time.

e Some of the models presented above focus only on tsunami modelling while
there are other models that could be applied to various types of hydraulic
related phenomena. A number of models that are developed specifically for a
location are also available.

e Most of the models cover the whole life cycle of the tsunami; from generation
to propagation to inundation. However, there are a lot differences in terms of
capabilities of reflecting the effects of dispersion, bottom roughness,
bathymetry and land based structures. Many of the mentioned processes are
still being integrated into the available modelling tools.
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e Although providing universal benchmarking data is a continuous work of
research, the numerical models mostly use information on historical events
for validation and verification.

As real-time forecasting becomes more important, faster and more accurate
numerical methods is very much sought after. Real-time warning systems rely on
numerical models to predict whether an earthquake has produced a dangerous
tsunami, and to identify which communities may need to be warned or evacuated.
The first step of assessment of potential future hazards to assist in emergency
planning and mitigation measures is also to work with reliable numerical models.
Partners in RAPSODI project will continue to enhance their respective models such
as NAMI-DANCE focusing on the modelling of tsunami parameters in high
resolution geometries (eg. urban areas) as well as accurate computation of flow
patterns.

3 Tsunami Impacts and Loads on Structures

As tsunamis approach coastlines or enter bays, they initially evolve in the classic
manner predicted by linear long wave theory (Synolakis and Skjelbreia 1993). Close
to the shore, nonlinear effects often become important, as the height increases and
the wavelength decreases. If breaking occurs, bores often result as first documented
in the 1960 Chilean Tsunami impact in Hilo, Hawaii, or as seen in the tens of amateur
video clips from the beaches of Thailand, following the December 26, 2004 mega
tsunami. Because the offshore wave length of tsunamis can be tens of kilometers, the
resulting bores can penetrate a few kilometers inland.

Direct effects of tsunamis on coastal and marine structures can be extensive and often
disastrous. Tsunami waves can (1) move entire structures off their foundations and
carry them inland; (2) damage buildings through impact with vessels carried from
offshore and other debris accumulated as the wave advances inland; (3) undercut
foundations and pilings with erosion caused by receding waves; (4) overturn
structures by suction of receding or thrust of advancing waves; and (5) cause the
impact of large ships with docks during oil or cargo transfer operations, often causing
fires. The damage can be quite unexpected. During the 1998 Hokkaido-Nansei-OKki
Tsunami, Aonae in Okushiri was consumed by fires triggered after the waves
subsided (Sumer et al., 2007).

3.1 Principal Tsunami Forces on Structures

The effects and estimation of tsunami-induced loading on near-shoreline structures
have recently gained significant interest from researchers, engineers, and government
agencies. Building codes do not explicitly consider tsunami loading, as it is
understood that inland structures can be protected by proper site planning. However,
recent catastrophic events (Indian Ocean, 2004; Solomon Islands, 2007, Japan
Tsunami, 2011) indicate that tsunami loading should be considered in structural

\\xfil1\prodata$\2012\07\20120768\leveransedokumenter\rapport\deliverables\klart ~ for khe\rapsodi_deliverable-1_final_revised201504ch-go-
ch.docx



Project no: 20120768-01-R
Date: 2015-02-01

Revision: 1

Page: 27

design. A broken tsunami wave generates forces which affect structures located in its
path. A comprehensive review of tsunami forces is presented by Nistor et al. (2008).
Three parameters are essential for defining the magnitude and application of these
forces: (1) inundation depth, (2) flow velocity, and (3) flow direction. The parameters
mainly depend on: (a) tsunami wave height and wave period; (b) coastal topography;
and (c) roughness of the coastal inland. The extent of tsunami-induced inundation
depth at a specific location can be estimated using various tsunami scenarios
(magnitude and direction) and numerical tools described in previous section.
However, the flow velocity and direction is generally more difficult to estimate. Flow
velocities change in magnitude, while flow direction varies due to onshore
topography, soil cover, buildings and obstacles. Forces associated with tsunami
consist of: (1) hydrostatic force, (2) hydrodynamic (drag) force, (3) buoyant force,
(4) surge force and (5) impact of debris.

3.1.1  Hydrostatic Force

The hydrostatic force is the force of still or slow-moving water acting perpendicular
onto planar surfaces. The formula to calculate the hydrostatic force per unit width,
FHS, is proposed as the equation given below by the City and County of Honolulu
Building Code (CCH)

1 2
Fys = Spg (ds + %)2 ......... (3.1)

where p is the seawater density, g is the gravitational acceleration, ds is the
inundation depth and up is the normal component of flow velocity. Equation (3.1)
accounts for the velocity head. The point of application of the resultant hydrostatic
force is located at one third from the base of the triangular hydrostatic pressure
distribution. Since it is assumed to be a negligible component of the hydrostatic force,
FEMA 55 does not include the velocity head in its formulation. In the case of a
broken tsunami wave, the hydrostatic force is significantly smaller than the drag and
surge forces. However, the hydrostatic force can be important when the effect of
tsunami is similar to a rapidly-rising tide (Dames and Moore 1980). Hydrostatic force
is not of interest and thus, it is not considered in this deliverable other than the
definitions provided above.

3.1.2  Buoyant Force

The buoyant force is the net uplift force acting through the center of mass of a
submerged body vertically. Its magnitude is equal to the weight of the volume of
water displaced by the submerged body.

Fg = pgV ......... (3.2)

where, V is the volume of water displaced by submerged structure. The effect of
buoyant forces generated by tsunami flooding was clearly evident during the 2004
Indian Ocean Tsunami field observations where reinforced concrete slabs were lifted
up and displaced due to buoyant forces. Buoyant forces can generate significant
damage to structural elements,
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3.1.3 Drag Force

As the tsunami bore moves inland with moderate to high velocity, structures are
subjected to hydrodynamic forces caused by drag. Although there exists different
proposed formulas to estimate the drag force, the general expression used by existing
codes is given below.

where, Fp is the drag force acting in the direction of flow and Cp is the drag
coefficient that depends on the shape of the surface on which drag forces are applied,
u is the tsunami bore velocity and A is the projected area of the body normal to the
direction of flow. The flow is assumed to be uniform, and therefore, the resultant
force will act at the centroid of the projected area A. Drag coefficient values of 1.0
and 1.2 are recommended for circular piles by CCH and FEMA 55, respectively. For
the case of rectangular piles, the drag coefficient recommended by the same two
codes is 2.0.

Estimation of the bore velocity remains to be one of the critical elements since
the hydrodynamic force is directly proportional to the square of the tsunami bore
velocity. However there is not a consensus on the selection of velocity in the literature
which can vary significantly during a major tsunami inundation. One method is to
assume a conservatively high flow velocity impacting the structure at a normal angle
to estimate a conservative value for the drag force. Additionally, the effects of run-
up, backwash and direction of velocity are not addressed in current design codes. The
general form of the bore velocity is shown below.

u=CVgds ......... (3.4)

where C is a constant and ds is the inundation depth. Various values of C were
proposed by FEMA 55 (2003) based on Dames and Moore (1980), lizuka and
Matsutomi (2000), CCH (2000), Kirkoz (1983), Murty (1997), Bryant (2001), and
Camfield (1980) for estimating the velocity of a tsunami bore in terms of inundation
depth (Fig. 3.1). It can be seen that bore velocities calculated using CCH (2000) and
FEMA 55 (2003) represent lower and upper bound values, respectively.
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— — CCH: u=h

= FEMA 55: u=2(gh)*0.5
= = lizuka: u=1.1(gh)"0.5
e Kirkoz: u=(2gh)"0.5
=== Murty: u=1.83(gh)*0.5
—~~ Bryant: u=1.67h"(0.7)

dg (m)

Fig. 3.1. Comparison of various tsunami-bore velocities as a function of inundation
depth (Nouri et al., 2007)

3.1.4  Surge Force

The surge force is generated by the impingement of the advancing water front of a
tsunami bore on a structure. There is significant uncertainty of the calculation of
surge force exerted on structure due to available limited number of research. Based
on research conducted by Dames and Moore (1980), CCH (2000) recommends the
following expression for the computation of surge force FS on walls with
heightsequal to or greater than three times the surge height (3h).

Fg = 45pgh? ......... (3.5)

where, Fs is the surge force per unit width of wall, and h is the surge height. The
point of application of the resultant surge force is located at a distance h above the
base of the wall. Structural walls with heights less than 3h require surge forces to be
calculated using an appropriate combination of hydrostatic and drag forces for each
specific situation. SMBTR (Structural Design Method of Buildings for Tsunami
Resistance, proposed by the Building Center of Japan, Okada et al., 2005)
recommends Eq. (3.6) for tsunami wave pressure derived by Asakura et al. (2000).

qx = pg(3h — 2) ...... (3.6)

where gx is the tsunami wave pressure for structural design, z is the height of the
relevant portion from ground level (0 < z < 3 h), p is the mass per unit volume of
water and g is the gravitational acceleration. Integration of the wave pressure formula
for walls with heights equal to or greater than 3h results in the same equation as the
surge force formula recommended by CCH (Eq. (3.5)). The equivalent static pressure
resulting from the tsunami impact is associated with a triangular distribution where
water depth equals three times the tsunami inundation depth. The magnitude of the
surge force calculated using Egs. (3.5) and (3.6) generate a value equal to nine times
the magnitude of the hydrostatic force for the same flow depth. However,
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experimental research conducted by Ramsden (1996), Arnason (2005) did not
indicate such differences in magnitude. Yeh et al. (2005) indicated that Eqn. (3.5)
gives “excessively overestimated values”. On the other hand, Nakano and Paku
(2005) examined the validity of the proposed tsunami wave pressure formula given
in Eq. (3.6) by extensive field surveys. The factor 3.0 in Eq. (3.6) was taken as a
variable, a, and was calculated such that it could represent the boundary between
damage and no damage in the surveyed data. The values of o was found to be equal
to 3.0 and 2.0 for walls and columns, respectively. The former is in agreement with
the proposed formulae by both CCH and SMBTR (Egs. (3.5) and (3.6)). However it
should be point out that in the use of Eq. (3.6) by SMBTR, the formula is assumed
to account for all the components of tsunami wave force such as drag, etc..

3.1.5 Impacts by Floating Debris

A high-speed tsunami bore traveling inland carries debris such as floating
automobiles, pieces of buildings, drift wood, boats and ships. The impact of floating
debris can induce significant forces on a building, leading to structural damage or
collapse (Saatcioglu et al. 2006b, c). Both FEMA 55 (2003) and CCH (2000) codes
account for debris impact forces, using the same approach as given below.

Fi = mb%z m% (3.7)
where Fi is the impact force, my is the mass of the body impacting the structure, up is
the velocity of the impacting body (assumed equal to the flow velocity), ui is
approach velocity of the impacting body (assumed equal to the flow velocity) and At
is the impact duration taken equal to the time between the initial contact of the
floating body with the building and the instant of maximum impact force. According
to FEMA 55 (2003), the impact force (a single concentrated load) acts horizontally
at the flow surface or at any point below it. The impact force is to be applied to the
structural element at its most critical location, as determined by the structural
designer. The impact duration is calculated differently by CCH and FEMA 55. This
difference has a significant effect on the magnitude of the force. For example, CCH
recommends the use of impact duration of 0.1 s for concrete structures, while FEMA
55 provides different values for walls and piles for various construction types as
shown in Table 3.1.

Table 3.1 Impact Duration of Floating Debris (FEMAS5)

Impact duration (seconds)

Type of construction Wall Pile

Wood 0.7-1.1 0.5-1.0
Steel N.A. 0.2-04
Reinforced concrete 0.2-0.4 0.3-0.6
Concrete masonry 0.3-0.6 0.3-0.6

Consideration must also be given to the current velocities of the runup. It is assumed
that the velocity of the floating body goes from uy, to zero over some small finite time
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interval At. Finding the most critical location of impact is a trial and error procedure
that depends, to a large extent, on the experience and intuition of the engineer. The
estimated current velocities of the 1933 tsunami at Kamaisi, Japan was found with a
maximum value of one meter per second which was sufficient to destroy some
buildings when the water depth reached a height of two meters Ishimoto and
Hagiwara (1934). Shorter period tsunami waves which surge onto the shoreline,
rather than rising as a uniform rise in water level, are associated with higher
velocities. Keulegan (1950) and Fukui (1963) gives

u= Cgh............. (3.8)
for the surge velocity, where h is the height of the surge and g is gravitational
acceleration and C is a constant taken \2 by Keulegan and V1.83 by Fukui. In either
case, the velocity would be about eight to nine meters per second for a two meter
surge height.

In Yeh (2006), tsunami forces in the runup zone are evaluated by using the algorithm
recently developed by Carrier et al. (2003) that is the tsunami runup onto a uniformly
sloping beach with an arbitrary initial condition based on the one-dimensional, fully
nonlinear shallow-water theory. This exact solution algorithm assumes no wave
breaking but tsunamis sometimes break offshore. In such a case, a tsunami forms a
bore prior to climbing up onto the beach. The runup of a bore was investigated
analytically by many researchers (Ho and Meyer (1962) and Shen and Meyer (1963),
by Hibberd and Peregrine (1979)). Yeh (2006) used the existing analytic and numeric
solutions to develop the envelope curve of the maximum tsunami force distribution
in the runup zone. However, the assumptions in the algorithm make the force
evaluation valid only for the ideal and simplified situations; for instance, one-
dimensional (1D) spatial variation on a uniformly sloping beach. In addition, the
theory assumes inviscid-fluid motions in spite of the runup/rundown forming a thin
layer. Although the simplified conditions do not accurately represent a real coastal
environment, the proposed results could provide a convenient estimate of tsunami-
force attenuation from the initial shoreline to the maximum runup location.

3.2 Tsunami Loads on Coastal Structures
3.2.1  Seawalls, Breakwaters and Bulkheads

Breakwaters and seawalls may provide protection from tsunamis. Breakwaters may
decrease the volume of water flowing into a harbour and onto the coastline, and a
high seawall or dike may prevent flooding of backshore areas. Proper placement of
breakwaters may also decrease wave heights by changing the natural period of an
inlet. Numerous instances of tsunamis damaging or destroying protective structures
have been recorded therefore, care must be exercised in the design of the structures.
Types of damage include movement of stones from rubble structures; erosion of
dunes, embankments, and earthen dikes; scouring of backfill behind bulkheads;
scouring of the sea ward base of a revetment or seawall; and overturning and sliding
of structures such as caissons. The 1946 tsunami overtopped and breached the break
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water at Hilo, Hawaii, removing 7.25 metric ton stones to a depth of about one meter
below the water surface along nine sections of the breakwater crest with a total length
of over 1,800 meters (U.S. Army Engineer District, Honolulu, 1960). Nasu (1948)
developed some empirical criteria for the stability of breakwaters based on the
geometric shape of the breakwater. For a breakwater with a seaward slope of 1:2.5
and a landward slope of 1:2, he gives:

2 _ hy+0.89b

e R (3.10)

for the condition of geometric stability, where u is the current velocity in meters per
second, hy the height in meters of the vertical segment of the face of the breakwater
against which the currents act, and b the top width of the breakwater in meters.

Mizutani and Imamura (2001), studied on measuring the wave force of tsunamis
acting on prevention structures along the coast such as seawalls and breakwaters,
carrying out hydraulic experiments, to analyze the hydrodynamic force of the
tsunamis. In order to revise the existing wave force formula used for the design in
the past, they introduced four types of wave pressure: Kinetic, sustained (quasi-static),
impact standing, and overflowing. According to Mizutani and Imamura (2001),
impact standing wave pressure is observed in the collision of reflected and incident
waves. Overflowing wave pressure occurs when waves running over a structure
collide on the back. The values of these wave forces are found to be more significant
than the kinetic and quasi-static pressures in their study. According to Mizutani and
Imamura (2001), the design method should include any kinetic pressure that is
significant and not negligible in the case of a tsunami attack.

In Mizutani and Imamura’s study, by using the highly accurate sensor system with
the appropriate intervals of time and points, the existence of impact standing and
overflowing wave pressure and with a very large value in a short time and at local
point are observed. The value of the impact standing wave pressure due to the
collision of the reflected and incident waves is closely related to wave celerity and
run-up height (Mizutani and Imamura, 2001). The equations to estimate the
maximum values of kinetic, quasi-static, impact standing, and overflowing wave
pressure proposed in their study are the following:

4
Maximum kinetic wave pressure: —£4m. — g (3.11)
pwgh g?Hh

where pg,,, is the maximum Kinetic wave pressure, ¢ the wave celerity, h the initial
water depth, H the incident wave height, p, the density of seawater, g the
acceleration of gravity, and K the kinetic wave coefficient. Although Fukui et al.
(1962b) proposed K = 0.33~0.51, it is recommended that K = 0.12 be used.
(Mizutani and Imamura, 2001)

2
Quasi-static wave pressure: Z—’Z = 0.14(2 + cos 6,) ;—H (3.12)

where p,, is the maximum quasi-static wave pressure and 6; is the angle of a sloping
board. The maximum quasi-static wave pressure, ps,, can be considered to be related
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to the maximum kinetic wave pressure, pq.,,, rather than the wave period from the
result of Mizutani and Imamura’s (2001) study.
Impact standing wave pressure:

Mizutani and Imamura’s (2001) observations suggest that the impact of standing
wave pressure is closely related to the collision of reflected and incident waves, and
also that the important parameter for reflected waves is run-up height, and for
incident waves is wave celerity. Therefore, they state that a close relationship among
run-up height and quasi-static wave pressure, wave celerity and kinetic wave pressure
can be found. The sum of maximum Kinetic wave pressure, pg,,, maximum quasi-
static wave pressure, ps,,, and maximum impact standing wave pressure, p;,, has
the following relationship

g(h+H)cot6,

P - 0,5 (PR 1) e (3.13)
Pim  _ Fr=7 (;+H)s1.13
oo 10cos8; — 6.6 ( g(h;;’gmel I (3.14)

The difference of (3.13) and (3.14) is caused by the collision of reflected and incident
waves and its duration. The small collision occurs for a relatively longer time in the
case of (3.13), whereas the large collision takes place for an extremely short time in
the case of (3.14) (Mizutani and Imamura, 2001).

Overflowing wave pressure:

The maximum overflowing wave pressure occurs when the overflowing wave
collides on the back of the structure (Mizutani and Imamura, 2001). The relationship
between the maximum overflowing wave pressure and these parameters is obtained
by the law of momentum conservation; this is expressed in the following relationship:

VimHwto [ 2 .
Lom _ gmwXo | Z_ging, ......... (3.15)
pPgHg Lt lgHg

Where p,,, is the maximum overflowing wave pressure, V,,, is the maximum
velocity, the water depth on the crest is H,,, the angle of the back slope is 8,, and

the height of the models is Hj. A is the non-dimensional overflowing pressure
coefficient, %0 the ratio of the time of falling water touched on the bottom after
passing the top of the structure, t, , the duration time acting of the maximum
overflowing wave pressure, t, L, the length acting of the maximum overflowing

wave pressure. They also recommend that the coefficient A = 0.003.

Sea walls and bulkheads can be damaged or destroyed and Iwasaki and Horikawa
(1960) noted that a quay wall at Ofunato, Japan, failed because of scouring of the
backfilling, and that a concrete sheet-pile quay wall at Hachinohe, Japan, collapsed
because of a lack of interlocking strength after backfilling was washed away. They
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also indicated receding water may seriously scour the sea ward base of a revetment
or seawall. The combination of scouring and increased hydrostatic pressure from
overtop ping may cause failure. A concrete seawall between Hadenya and Mitobe,
Japan, collapsed seaward. Similar failures occurred along a highway on Onagawa
Bay and along a quay wall at Kamaishi, Japan. Matuo (1934) mentions a concrete
retaining wall which was overturned seaward by the 1933 Sanriku tsunami. Magoon
(1962) noted that scour contributed to the partial failure of a steel sheet-pile retaining
wall at Crescent City, California, in 1960. The 1960 tsunami washed out concrete
seawalls a meter high and created a gully about three meters deep and 27 meters wide
in a highway at Hilo, Hawaii. Large stones from a seawall, weighing up to 20 metric
tons, were carried inland (Eaton et ai, 1961).

Wiegel (1970) provides an empirical formula for volume of overtopping in cases
where tsunamis overtop seawalls or protective dikes. The overtopping volume, V, is
de fined as

V = 0.287 fff(% hy cos 25— hy)¥2dt ... (3.16)

where hs is the tsunami height at the shoreline in meters, T is the wave period, t; and
t> define the time interval where overtopping occurs, and hy is the elevation of the
top of the wall measured from sea level at the time the tsunami occurs; i.e., the value
of hw decreases as the tide stage increases. Caisson type structures are fairly common
in the coastal zone, particularly for breakwaters in deeper water (e.g., Matsumoto and
Suzuki, 1983). Common design practice for such coastal structures is usually based
on static loading; i.e., if the resultant force on the structure is sufficient to cause
motion, it is assumed that the structure will fail. Actual motion of a structure may or
may not lead to failure. When a tsunami impacts on a structure, three different
conditions are possible: the force of the tsunami may be insufficient to move the
structure; the force may be sufficient to cause some rocking motion, but not failure;
or the force may cause sufficient rotation for structural overturning. An initial static
analysis can easily determine if incipient motion occurs (Tanimoto, 1983). If motion
will occur for a given magnitude of tsunami force, it is then necessary to analyze
possible motion to determine if such motion will lead to failure (Camfield, 1991).

Sumer et al. (2007) describe methods for calculating tsunami impact on marine
structures directly and indirectly through harbor resonance. For tsunami forces on
sea walls, they suggest the existing methodology following the classic work of Cross
(1967). The force expression has two components, one is hydrostatic, the other
depends on a force coefficient Cr = 1+tan'? 0, where 0 is the slope of the front face
of the bore. It is given by:

Fwall = (1/2) p gbn2(xy,t) + Cr p bn(x,,t) C*......... (3.17)

Where n(xw, t) is the wave height at the wall (distant xw from the shoreline) and b is
the width, while C is the bore speed or surge velocity. n(xw, t) is calculated as if the
wall was not there, so presumably one solves the field equations and identifies n(xw,
t) as the wave passes through xw where the wall stands.
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A further approach was offered by Ramsden and Raichlen (1990) as a Ph.D. study in
California Institute of Technology. They performed laboratory experiments and
measured the forces on a vertical wall due to the impact of a bore being triggered by
a broken solitary wave. The measured force was compared with the force calculated
from

Fr — ( I1"'dw
Syb(Hi+dy)?  “Hitdy

Y2 420 N2 (3.18)
(Hy

+ dy)?

Where F; is the total force on the vertical wall, ) is surge profile, H, is the surge
height, b is width of vertical wall, d,, is water depth at the wall, Cr is the force
coefficient calculated as Cr = 1 + tan 81 and generally suggested between 1.4 and

2.1, and Ny = \/g;T where c is the measured incident bore velocity. Ramsden and
1

Raichlen’s (1990) approach is valid if the solitary waves are triggering the tsunami
break. However, since the existing numerical models do not simulate breaking well,
the relations and results in their approach cannot be compared with numerical studies.

3.2.2  Other Structures

In Shuto (2009), examples of damages to coastal structures caused by tsunami-
induced current are collected from documents in Japan, and classified into four types.
First one is that the soil embankments near underpasses or bridge abutments are
eroded by concentrating water current. Second, currents parallel to long structures
can develop strongly enough to scour the structures toe and destroy them. Third,
embankments made of soil are easily eroded by overflowing water of tsunamis.
Finally, the toe of quay walls is unprotected against the waterfall that occurs when
landed water returns and hits the nearly exposed sea bottom as tsunamis recede.
When it comes to breakwaters, he states that after the 1960 Chilean Tsunami,
breakwaters at Hachinohe Port were extended to narrow the entrance and limit the
tsunami inflow into the harbor. When the 1968 Tokachi-Oki tsunami hit, this narrow
entrance effectively decreased tsunami height in the harbor but increased the
difference between water levels outside and inside the harbor. When the water level
in the harbor was low by the former ebb, the next wave came to overflow the top of
caissons to a water depth of about 50 cm. Violently hit by this falling water and
pushed by seepage flow, the rear mound became unstable and disturbed. Then the
caissons were slid or overturned under a high pressure difference that was not
considered in design forces.

Docks can be damaged by a number of factors. In addition to the direct force of the
tsunami and possible scour around pilings and quay walls, docks may be damaged
by the uplift of moored vessels and by vessels being carried onto the docks. The 1964
tsunami damaged a dock at Crescent City, California, when the water elevation
increased to two meters above the dock elevation, uplifting a large lumber barge
moored to the dock (Wilson and Torum, 1968; Tudor, 1964). The buoyant force on
the barge was transmitted through the mooring lines into an uplift force on the dock
structure.
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Earthen embankments can be destroyed if overtopped by tsunamis. Matuo (1934)
reported that an earthen embankment at Yosihama, Japan, which had been
constructed to protect a section of coastline, was swept away flush with the original
ground level by the 1933 tsunami. lwasaki and Horikawa (1960) indicated that a sea
dike at Kesennuma Bay, Japan, failed during the 1960 tsunami because incident
waves overtopped the dike and caused extensive damage at a gap in the dike when
receding water gradually widened the gap. Shepard et ai (1950) mention a case where
waves overtopping sand dunes cut a channel 30 meters wide and 5 meters deep.

Damage from a tsunami may also occur to structures located at the shoreline or
along river channels near the shoreline. Bridges may be damaged by the force of the
tsunami against the structure, or by scouring of the channel bottom near bridge piers.
The 1964 tsunami at Seaside, Oregon, destroyed a bridge over the Necanicum River
and a railroad trestle over Neawanna Creek (Spaeth and Berkman, 1972; Wilson and
Torum, 1968). Shepard et al. (1950) discuss the damage to bridges and trestles from
the 1946 tsunami in Hawaii. lwasaki and Horikawa (1960) show a case in Mangoku,
Japan, where a bridge support slumped almost one meter due to heavy scouring of
the channel bottom.

3.3 Model tests on tsunami-induced loading

Several experiments have been performed in order to understand the performance of
structures on the coast (coastal protection structures and buildings) under tsunami
loads. Many of the experiments use solitary wave and bores using wave generators
in long channels. These experiments are usually performed to understand the forces
on the structures generated by the tsunami wave. After 2011 GEJE tsunami, it is
observed that many of the failures were due to the overflow. The overflow
phenomena is modelled by utilizing pumps which ensures that accurate flow depth
at the structure and the duration of the overflow is being represented. These
experiments are usually used to understand the failure mechanisms in case of
overflow on the protection structure. Key information on some of the tsunami
experiments are given in Table focusing on the aim, channel characteristics, wave
generation and structure types.
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Table 3.2 Summary of model test on tsunami-induced loading
. Chann | Model Wave Structur | Wave
Source Aim el (m) | Scale Generat e Tvpe Tvne
or Type yp yp
To measure
forces and 36.6%
Ramsden, overturning 0596 i Piston Vertical | Turbulent
1996, USA moments on *'0 61 Type wall bore
a vertical '
wall
To test a
model house
under surge )
Miles, 2007, | loading and 1/36 Scaled | Breaking
- and - wooden | waves and
USA record the
: 1/6 house bores
uplift  and
compression
forces
To
investigate
the
liquefaction
vouna et al potential of | 48.5* Tsunami | Fine Breaking
20089USA " | planar fine | 2.16* | - Wave sand waves and
' sand slopes | 2.1 Basin beach bores
during
tsunami
runup  and
drawdown
by a
sudden
To release
) . of water .
investigate Reinfor
4 through
tsunami ced
Lukkunapras . a
. forces on a | 40*1 concrete
itetal., 2008, . - controlle -
. Reinforced |1 (RC)
Thailand d gate at 2
concrete building
the
(RC) b S
buildings ottom
of the
water
tank
Robertson et | To 48.8 X . )
al., 2008, | determine 265 x | - ?lst(;n Qall/flo Generéalltelgn
USA the effect of | 2.1 yp 9
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tsunami or solitary
bores on system | waves
coastal and
near- shore
structures
To advance
the existing
understandin Turbulent
g of the Pumps
. Square | bores due
Palermo et | complex - with :
. . 10*2. | Large . and to a typical
al., 2009, | interaction - variable | _.
7*1.4 | Scale . circular | dam break
Canada between discharg .
. sections | phenomen
hydraulic e flow
on
forces and
the impacted
structures
To estimate A wave
tsunami paddle
wave force was
Fujimaetal., | acting  on | 11*7* | Piston Vertical | programm
2009, Japan | rectangular | 1.5 Type wall ed to move
onshore back and
structures forward
slowly
To
investigate
drifted
Mizutani et vessel due to Generated
a  tsunami | 30*0. Piston A quay |as  half-
al., 20009, - 1/40 ) :
and the | 7*0.9 Type wall sinusoidal
Japan .
reflection of waves
the tsunami
from a quay
wall
To
investigate
coastal dike
failures
caused by
Kato et al, |the  Great | 40*2* 1/25 \?vver\f\:ﬁh Dike i
2011, Japan | East Japan | 1.5 um
Earthquake pump
failure from
scouring at
the landward
toe is the
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dominant
failure
pattern.

To discuss
the stability
of wave-
dissipating
Hanzawa et | blocks  of | ., : RMB
al., 2011, | detached 2210' - ?stzn Tetrapo | -
Japan breakwater yp ds
against
solitary
tsunami
waves
To observe

hydrodynam Piston | A full-
ic conditions

and 104*3 type spale Idealized
* Large | wave light- .
structural .66*4. solitary
Scale | maker frame
response for | 57 . waves
with 4 m | wood
a range of

incident stroke wall

tsunamis
To
investigate

Linton et al.,
2013, USA

Arikawa et . - Overflo Compos
al. 2012 the failure | 70*3. 1/20 W with ite
Ja|c,)an ' modes_ _of 5*5 pumps Breakw

Kamaishi ater
Breakwater
To

Arikawa et mvestlga}te Overflo | Vertical
the failure

al., 2013, 1/25 w  with | Breakw

modes of
Japan Hachinohe pumps ater

Breakwater

3.4 Summary

Building codes do not generally explicitly consider tsunami loading, as it is assumed
that inland structures can be protected by proper site planning. However significant
amount of damage has been observed during 2011 GEJE tsunami which put an
emphasis on proper planning of buildings under tsunami flow. Additionally, many of
the coastal protection structures are designed by considering the tsunami wave height
focusing on the overflow conditions. However, 2011 GEJE tsunami event showed
that the forces associated with tsunami is also important in the case of sliding failure.

\\xfil1\prodata$\2012\07\20120768\leveransedokumenter\rapport\deliverables\klart ~ for khe\rapsodi_deliverable-1_final_revised201504ch-go-
ch.docx



Project no: 20120768-01-R
Date: 2015-02-01

Revision: 1

Page: 40

Additionally, once the overflow happens many additional failure modes are initiated
which causes further damage to the structures. Thus it is important to consider
different forces and failure modes in the design of land and coastal structures in the
design phase.

Three parameters are essential for defining the magnitude and application of these
forces: (1) inundation depth, (2) flow velocity, and (3) flow direction. The parameters
mainly depend on: (a) tsunami wave height and wave period; (b) coastal topography;
and (c) roughness of the coastal inland. The extent of tsunami-induced inundation
depth at a specific location can be estimated using various tsunami scenarios
(magnitude and direction) and numerical tools described in previous section.
However, the flow velocity and direction is generally more difficult to estimate. Flow
velocities change in magnitude, while flow direction varies due to onshore
topography, soil cover, buildings and obstacles. Forces associated with tsunami
consist of: (1) hydrostatic force, (2) hydrodynamic (drag) force, (3) buoyant force,
(4) surge force and (5) impact of debris. Many of the proposed formulas (Table 3.3)
include empirical coefficients thus there is a range of values for forces. Additionally,
different design codes use different versions of the formulas when calculating the
tsunami forces.

In the case of hydrostatic force, velocity head is not always included in the
calculations especially when tsunami bore is expected to develop due to the fact the
other forces are much more significant. Buoyant force is very important — uplift
causes buildings to relocate under tsunami loading. However it is not explicitly
considered at many locations to mitigate possible tsunami inundation. Hydrodynamic
forces cause of breakage of several different structural parts during a tsunami event.
However, the calculations depend on the area and shape of structure as well as
accurate representation of tsunami wave. There exists uncertainty due to drag
coefficient which depend on shape of structure such as the structure of the columns
as well as reliable tsunami velocity estimation. Tsunami velocity at different
locations under inundation is one of the topics that has to be further studied to
increase the force calculations in the design of structures. The proposed formulas all
have empirical coefficients thus there is a range of values for numerical prediction of
tsunami velocity. One can either use conservative values — or work with range which
actually gives 100% difference in terms of velocities. Additionally, the effects of run-
up, backwash and direction of velocity are not addressed in current design codes.
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Table 3.3. Summary of the Reviewed Tsunami Loads
Source Type of Load Formula
City and County of | The hydrostatic
Honolulu Building Code | force 1 up?
(CCH) Alternatively, Fus = 5 Pg (ds + zgj
FEMA 55
CCH (2000), FEMA 55 | The buoyant force F = ooV
(2003) 5~ P
CCH (2000), FEMA 55 | The drag force p CyA
(2003) F, = —
FEMA 55 (2003) Bore velocity )
u = CvVgd,
Dames  and Moore | The surge force )
(1980), CCH (2000) F. = 4.5pgh”
Asakura et al. | Tsunami wave
(2000),0Okada et al., 2005 | pressure gx = pg(3h — z)
FEMA 55 (2003) and | Debris impact force du w
dt At
Keulegan (1950) Surge velocity u=2gh
Fukui (1963) Surge velocity u= »’r1.83[ghj
Nasu (1948) Current velocity . . h, + 0.89b
0.0358
Mizutani and Imamura | Maximum Kinetic .
(2001) wave pressure Pam _ .
Pwgh — g*Hh
Mizutani and Imamura | Quasi-static wave .2
(2001) pressure Pem _ 0.14(2 + cos8,)
Pam gH
Mizutani and Imamura | Impact  standing
(2001) wave pressure _Pm  _ 45 (M< 1.1)
pdm + p:m Cz
Mizutani and Imamura | Impact  standing
(2001) wave pressure N e U; =<1
ﬁ= 10cosb, — 6.6 g(h+g!11jcot81 .
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Mizutani and Imamura | Overflowing wave —
(2001) pressure Pom _  Vblto | 2 ing
pgH, L twlgHé :
Wiegel (1970) Overtopping £
volume _ 2mt

1 s
0.287 f (Ehg cos——— h,)32dt

Sumer et al (2007)

Tsunami force on
sea walls

Fwall = (1/2) p gbn2(x,t) + C;p bn(x,t) C°

Ramsden and Raichlen
(1990)

Tsunami force on a
vertical wall

Fr

nt+d,

nH;

=

H, +d,

)+ 20 NE———

(E,+ d,)°

1 )
j?’b(H1+dwj‘

The applicability of the presented formulas depend on the data that the respective
researcher has worked with. Thus, detailed information can be found in the
referenced documents. The formulas related with tsunami impact on coastal
structures given above are the ones available in literature by the time of 2014 (time
of deliverable D1 publication). These should be modified following the FEMA
publications (expected in 2016) and Japanese guidelines in late 2015.

There is significant uncertainty of the calculation of surge force exerted on structure
(walls) due to limited number of research. A combination of hydrostatic and drag
forces for each specific situation has to be performed for more reliable calculations.
There are some model tests to verify the proposed formulas. However it is seen that
formulas might be very conservative. Surge force also depends on tsunami velocity
which requires further study as mentioned before.

Considering tsunami loads on coastal structures such as breakwaters, the available
design codes do not integrate tsunami loads explicitly. Thus the performances of
these structures are assessed in the field as in the case of 2011 tsunami. The main
function of coastal structures against tsunamis is to prevent overflow. Thus most of
the time the design consideration is based on historical events or model results from
possible tsunami scenarios. However, tsunami loads can cause damage on the
structure (e.g. slope instability) and in return initiate overtopping during later stages
due to long duration of tsunami waves. Additionally, once overflow occurs, other
types of failure modes can be seen such as scouring which further increases the
damage. Design codes for coastal structures such as breakwaters are focused on wind
waves and storm surges since the tsunami events does not occur frequently. Since
experiments on the performance of coastal structures under tsunami loading and
overflow have gained attention recently, most of the information on failure modes
are based on the observations and field surveys of the latest tsunami events. However,
the exact sequence of many of the damages observed has not been understood yet.
Also not every type of coastal structure has been analyzed in detail for every type of
failure mode. Thus it is very important to further investigate the performance of
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coastal structures and derive relationships that can be included in the design codes as
future work.

4 Failure Modes
4.1 Introduction

Events such as the 2011 Great East Japan Earthquake Tsunami or the 2004 Indian
Ocean Tsunami are important for future tsunami preparation to classify various
modern counter measures against mega-tsunamis. For example, the 2011 Tohoku
Earthquake and Tsunami was the first case where modern, well-developed tsunami
countermeasures were put to the test for such an extreme event. One of the most
important issues in the natural sciences, engineering, and social sciences is to
understand the relationships between inputs (local tsunami occurrence) and outputs
(local damage). For future improvement of tsunami disaster countermeasures, much
can be learned from such kinds of catastrophic events. Therefore, field surveys are
important for understanding the event and for planning future tsunami-disaster
reduction. Many surveys were conducted after these events by several researchers in
collaboration with universities, institutes and other organizations consisting of
members from different fields of the natural sciences, tsunami engineering, coastal
engineering, and tsunami-related research throughout both Japan and other countries
to understand the collapse phenomenon of coastal structures and to clarify the
mechanism of their failures related with tsunamis in particular.

The frequent occurrence of typhoons, storm surges and tsunami led to the
development in Japan of some of the most extensive coastal defences in the world.
Typical coastal structures of jetties, groins, and breakwaters (both detached and
submerged) may be seen along the coastline, in addition to significant land
reclamation projects. Fraser et al. (2013) presented observations of damage to
buildings (including vertical evacuation facilities) and coastal defences in Tohoku
due to the March 11th 2011 Great East Japan earthquake and tsunami event following
investigation by a post-tsunami field mission, Earthquake Engineering Field
Investigation Team (EEFIT), at 10 locations in Iwate and Miyagi Prefectures. The
rupture process resulted in significant deformation of the sea bed over a large area
and that generated the tsunami. This deformation occurred as close as 70 km to the
Tohoku coastline, leading to relatively short tsunami arrival times in the three worst-
affected prefectures: Ilwate, Miyagi, and Fukushima. Observations show that many
sea walls and breakwaters were overtopped, overturned, or broken up, but provided
some degree of protection. They show the extreme variability of damage in a local
area due to inundation depth, flow direction, velocity variations and sheltering.

Some researchers from different universities and institutions prepared a knowledge
note series in 2012 which is a product of the staff of The World Bank with external
contributions as the outcome of the Learning from Megadisasters project of the
Government of Japan and the World Bank Group. Based on their first knowledge
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note which covers structural measures against tsunamis, dikes are both necessary and
effective in preventing ordinary tsunamis, which are relatively frequent, but they are
of limited use against the extreme events that occur less frequently. Japan’s Tohoku
region built 300 kilometers of coastal defense over the course of 50 years. (World
Bank Knowledge Note 1-1, 2012). During the GEJE (Great East Japan Earthquake),
the defensive structures along the coast suffered unprecedented damage: 190 of the
300 kilometers of coastal structures collapsed under the tsunami. In some areas they
did serve to delay the arrival of the waves, buying extra minutes for people to
evacuate. Certain breakwaters were also effective in mitigating damage from the
tsunami. The breakwater at the mouth of Kamaishi Bay in Kamaishi City, Iwate, was
the world’s deepest breakwater. Although destroyed by the GEJE tsunami, it reduced
its force, and therefore its height, by about 40 percent and delayed its arrival by some
six minutes, allowing more time for people to evacuate to higher ground.

4.2 Seawalls and revetments

Coastal populations of Tohoku were among the best prepared in the world with
respect to tsunami, with extensive sea defences including sea walls constructed
specifically for protection against tsunami. With wave heights sufficient to overtop
and breach coastal defences, the 2011 tsunami caused extensive damage to residential
areas, commercial and industrial facilities, agricultural land and infrastructure.

Fraser et al. (2013) presented their field observations of damage to coastal defences
in Tohoku due to the March 11th 2011 Great East Japan earthquake and tsunami. Sea
walls designed for tsunami and standing 10 m high dominate the landscape of Taro
and they were almost all toppled from their positions and the only parts of the wall
left standing were some buttress supports and blocks around the gates (The 2011
Tohoku EarthquakeTsunami Joint Survey Group 2011). The coastline in Sendai City
has the main defence being concrete block revetments along Arahama Beach. The
concrete defences at Arahama Beach had failed in several places and the sand infill
had been washed out, while concrete blocks had been removed and washed up to
landward into the coastal pine forest. The beach in Yamamoto Town had also a
concrete block revetment. Both sides of the revetment comprised a concrete lattice
in-filled with concrete blocks and natural vegetation. At several locations along the
revetment, there were breaks in the reinforced lattice and most of the concrete blocks
were missing. Scour on the leeside was a main cause of embankment failure.

Hydraulic control structures and seawalls in Otsuchi village along the Sanriku ria
coast were completely overtopped during the inundation. (Mori et al, 2013).

Jayaratne et al. (2013)’s study is another one which highlighted critical failure mode
of coastal structures due to the 2011 Great Eastern Japan Earthquake Tsunami. A
curved 2.5 m high concrete seawall in the east side of Ishinomaki port was one of the
damaged structures found in the field survey. Two large scour profiles at the leeward
slope extended about 60.0 m in length along the seawall. The massive concrete
platform placed at the toe of the leeward slope disappeared due to the tsunami,
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leading to two scour holes being created. The destructive mechanism in the east side
of Ishinomaki was quite similar to that at the west side, though the degree of damage
in the leeward slope appears to be dependent on the size and shape of structural
elements.

Yeh et al. (2012) is another study of tsunami effects on coastal infrastructure and
observed several failure patterns of coastal structures (seawalls) along the Sanriku
coast due to the 2011 East Japan Earthquake and Tsunami. As they state, flow
induced suction pressure near the seawall crown could have caused the failure of
concrete panels that covered the infill. Remarkable destruction of upright solid-
concrete type seawalls was closely related with the tsunami induced scour and soil
instability. They found that soil instability played a major role in the failures. For the
mound-type seawall in Kanahama, the centrifugal pressure force induced by the
overtopping flow is capable of removing the concrete panels covered the rear face of
the seawall. Furthermore, the fast flow velocities with intense turbulence resulted in
severe undermining damage in the rear face of the seawall, as well as formation of a
large scour hole behind. The solid upright type seawall in Kirikiri was destroyed
during the tsunami’s return-flow phase. Scouring and undermining actions are the
primary cause of the failure. The similar upright type in Hakozaki was found to be
almost undamaged. Unlike the one in Kirikiri, the seawall toes in both front and rear
sides are protected with 2-m wide concrete flanges. These concrete flanges must have
prevented the toes (especially the rear side) from being undermined. Regardless of
the type of seawall, protection of the rear-side surface and the toe appears to be
critical for avoiding failure when and if tsunamis overtop a seawall.

Earthquake Engineering Research Institute (EERI) published a report on the effects
of Japan Tsunami of 2011. The American Society of Civil Engineers (ASCE) has
sponsored several reconnaissance teams to survey effects of the great East Japan
earthquake and Tohoku tsunami. The performance of coastal defensive structures
during the 2011 Tohoku event was analyzed together with several other subjects.
First of all, as stated in the report, irrespective of population, the majority of coastal
communities north of Sendai had seawalls to mitigate tsunami effects. The seawalls
were constructed at different times and in different ways. The height of the recent
tsunami was greatly affected by the coastal bathymetry and local topography and, in
all cases surveyed, it exceeded the design height of the tsunami defensive walls and
gates by a significant margin—sometimes up to twice their height. The overtopping
frequently created a breaching failure, resulting in nearly complete destruction of
most low-rise buildings in low-lying communities. However, it appeared that there
could have been even greater spatial damage had there been no seawall protection at
all. A common tsunami protection wall consisted of a compacted earth dike protected
by concrete slabs on both the offshore and onshore slopes. During overtopping, the
concrete panels were often stripped from the earthen dike, which then eroded rapidly
to allow free passage of the inbound and outbound tsunami flow. The concrete panels
were often carried inland by the flow, leading to impact damage to the buildings they
were meant to protect. Another common seawall construction consisted of massive
gravity walls constructed of monolithic concrete blocks. There were no signs of
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continuity between adjacent blocks, so the design relied on each block acting as a
separate gravity wall segment. Many of these walls failed due to massive scour of
the onshore toe of the foundation caused by overtopping. In some cases the concrete
gravity seawalls were overturned by return flow rather than by the incoming tsunami.
Notable exceptions to the above failures were seawalls using reinforced concrete
construction with sound foundations. Although these walls had a moderate amount
of overtopping, they did not fail structurally, so were able to provide a pronounced
mitigating effect on tsunami damage behind them.

4.3 Sea Dikes

According to Jayaratne et al. (2013), the south side of the sea dike at
Higashimatsushima was partially damaged as a result of the 2011 event and was
temporarily protected by a plastic blanket. There was some trace of scour failure at
the leeward slope and toe at the south of Higashimatsushima and the researchers
noticed that under the on-going tsunami recovery process the leeward face of south
side had been reinforced with new rock and plastic sheets as a temporary protection
cover. They also noticed severe damage to the leeward face and toe of the sea dike
at Soma city. Diverse failure patterns were observed from the north to the south side,
resulting in partial to total failure of the leeward face due to scour. The slabs that the
leeward slope was built were completely removed and scattered over an ample area,
creating large scour holes at the toe. It was clear from the failure in the leeward face
that this dike was initially designed to withstand storm surge conditions and not
tsunami attack. The leeward slope and toe of sea dike at Iwanuma city completely
collapsed due to the effects of the tsunami attack. The seaward slope of this dike was
covered with tsunami deposit and a vegetation layer at the time of survey and there
was no indication of failure of the seaward slope. As stated in the study, it was clear
from the initial design that these dikes were built to protect against water overflow
under storm surge conditions. The crest of the dike at Yamamoto city was covered
with a thick tarmac surface and a sequential collapsing pattern of crest at the leeward
end was noticed. It was believed that scour at the under layer of the leeward slope
took place by the infiltration of tsunami overflowing water through these sequential
holes on the crest. The coastal defences at Watari city consisted of a rubble mound
revetment placed directly in front of the sea, and a curved concrete sea dike located
about 13.43 m away from the leeward slope of revetment. Jayaratne et al. (2013)
measured a 4.06 m deep scour hole at the leeward toe of the curved coastal dike.
They believe that the main purpose of having a composite coastal defence scheme in
this area was to reduce the inundation distance, particularly by the use of a second
structural element (a curved wall). The failure mode of coastal dikes in Watari city
appeared to be similar to that at Soma city.
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Figure 3.2 Stages of sea dike failure at Miyagi and Fukushima prefectures a)
Overflowing water, b) Creation of scour-hole at leeward toe, c) Failure of leeward
slope, d) Complete failure of crest, leeward slope and toe, ) Recommended section.
(Jayaratne et al., 2013)

Kato et al. (2012) also investigated the failure mechanism of coastal dikes and sea
walls induced by the Great East Japan Earthquake Tsunami. Based on the results of
their field surveys, they state that coastal dike failures caused by the Great East Japan
Earthquake were classified into eight patterns. The results of hydraulic model
experiments related to major failure patterns reinforced the proposed failure
processes. In addition, the aggregated length of each failure pattern showed that
failure from scouring at the landward toe is the dominant failure pattern. They
conducted their field surveys along the shoreline in lwate, Miyagi, and Fukushima
Prefectures. They also carried out hydraulic model experiments to understand the
failure mechanisms of the coastal dikes. The resulting failure patterns are as the
followings:

1. Failure from scouring at landward toe: The landward toe of the coastal dike
was scoured in many areas where the dike or seawall was not completely
washed away and where tsunami run-up induced scouring at the landward
toe, resulting in the destruction of landward armor and the dike body. Based
on the results of field surveys and physical experiments, the process of failure
from scouring at the landward toe can be summarized as shown in Fig.3.3
according to the authors.
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Fig.3.3. Failure process originating from scouring at landward toe (Adapted from:

Kato et al., 2012)

2. Failure from the crown or the top of landward armor: Failure of the landward

slope or crown armor was observed by the team even where the landward toe
was not scoured. On the Kanahama Coast, the upper part of the landward
armor floated away, while no obvious scouring was seen on the landward side
of the coastal dike whereas on the Omagari Coast, the crown armor was
washed away, but there was no damage to the seaward and landward armor.
One of the main factors related to this pattern is negative force acting on the
landward armor during tsunami runup. This negative force might be caused
by fast flow at the top of the landward slope.

{1) Floating away of

landward amior
Destruction
proceeds

{2) Washing away
of dike body

ﬂﬂestructiun
proceeds

(3) Washing away
of dike bo

Fig. 3.4. Process of failure from the crown slope or the top of the landward armor
(Adapted from: Kato et al., 2012)
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3. Parapet failure induced by tsunami run-up: Concrete parapets were installed
along the shoreline to mitigate wind-wave overtopping, but some of the
parapets were broken by tsunami run-up. This pattern may occur if shear
stress induced by the wave force acting on the parapet during tsunami
overtopping is larger than the shear strength of the parapet joints.

(1) Wave force acting on the parapet

(2) Parapet break J\/

Fig. 3.5. Process of parapet failure induced by tsunami run-up (Adapted from: Kato
etal., 2012)

4. Failure from scouring at seaward toe: Seaward flow over the coastal dike
may cause scouring at the seaward toe of the dike as also pointed out in
previous studies (e.g., Noguchi et al. 1997). On the Mizuumi Coast, Iwate
Prefecture, the seaward armor of the coastal dike was broken and the dike
body was washed away. Seaward flow during tsunami drawdown caused
scouring at the seaward toe of the coastal dike and revetment. Scouring at the
landward toe affected the stability of the seaward armor, resulting in floating
away of seaward armor and breaching of the dike.
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Fig. 3.6. Process of failure from scouring at seaward toe (Adapted from: Kato et al.,

2012)

5.
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Parapet failure induced by tsunami drawdown: Similar to tsunami run-up,
tsunami drawdown also results in wave forces acting on the parapet leading
to parapet failure. Parapets are designed not for tsunami forces from the land
but for wave forces from the sea.

Seawall overturning by tsunami run-up: Overturning of a seawall which was
observed on the Ryoishi Coast, Iwate Prefecture may occur if the overturning
moment induced by the wave force on the seawall during tsunami runup or
drawdown is larger than the resistance moment due to the weight of the
seawall.
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(1) Wave force acting on the seawall

(2) Overturning of D

seawall

Fig. 3.7. Process of seawall overturning (Adapted from: Kato et al., 2012)

7. Seawall overturning by tsunami drawdown: Wave forces act on the seawall
also during the tsunami drawdown stage. As with the previous pattern,
seawall failure may occur due to the overturning moment.

8. Mainly by seismic motion: Tsunami was the dominant force for coastal dike
failure in the earthquake; however, some coastal dikes and revetments were
damaged mainly by seismic motion and ground liquefaction. However, on the
coasts where tsunami waves were relatively high, the damage caused by
seismic motion would likely be hidden by tsunami damage after the
earthquake.

Kortenhaus et al., 2002 also performed a detailed analysis of failure modes for sea
dikes and derived a complete set of limit state equations for the description of failure
scenarios of sea dikes. They then used these models and equations to calculate the
respective failure probabilities and the overall failure probability by fault tree
approach. They give the failure mechanisms that have been identified by them as
those may lead to breaching of sea dikes based on the results of a failure analysis of
sea and estuary dikes (Oumeraci and Schittrumpf, 1999). The procedures are as the
following for the seaward and the shoreward sides.
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Fig. 3.8. Failure modes of sea dikes eventually leading to dike breaching (adapted
from Kortenhaus et al., 2002).

4.4 Breakwaters

On March 11th a total of 8,500 m of breakwaters collapsed (Yagyu 2011), including
the newly-completed tsunami breakwater in Kamaishi City designed to withstand a
tsunami of 5-6 m. They were not effective in stopping the waves from overtopping,
and in many situations suffered catastrophic failure. Takahashi et al. (2011)
suggested that in future, rather than building even bigger structures, coastal defences
should remain of similar size, but with special attention given to their stability in
order that they survive even a huge tsunami despite being overtopped. The rationale
for this is that a defence that is overtopped but survives is better than no defence at
all.

Fraser et al. (2013) states that, despite the fact that the breakwaters were severely
damaged, it is estimated that the breakwater in Kamaishi City reduced the height of
the tsunami by 40% (from 13.7 to 8 m), delayed the tsunami arrival time onshore by
6 min allowing more time for evacuation, and reduced run-up from (a simulated
height of) 20.2 m to the observed 10 m (Kazama 2011). In Ofunato City, Iwate
Prefecture, and prior to the tsunami, there were also two breakwaters at the mouth of
the bay, 540 m in combined length, which collapsed completely on March 11th
(Yagyu 2011). Onagawa Town had two breakwaters situated eastside of the harbour
at the mouth of the bay; post-tsunami aerial photographs indicate that the breakwaters
were destroyed by the tsunami and only a few caissons remain visible above water
level on the south section.
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Arikawa et al. (2012) and Arikawa and Shimosako (2013) have studied the failure
mechanisms of breakwaters of Kamaishi (composite breakwater) and Hachinohe
(vertical breakwater). They have modelled both of the breakwaters and studied the
safety factor related to overturning, sliding, scour at the toe (leeside) and bearing
capacity failures due to tsunami overflow. They have showed that for the cause of
Kamaishi breakwater failures where many of the caissons had slided and/or
overturned, were several: [1] Dynamic water pressure as wave force, [2] Water level
difference between the outside and inside of the harbor, [3] Scouring of the
foundation mound caused by overflowing and joint flow velocity and [4] Decline of
bearing capacity caused by increase of pore water pressure. They assumed that
dynamic wave pressure was less significant and focused on water level difference
(overflow) and the scouring for model tests. The test results showed that major cause
of the collapse of the breakwater at the Kamaishi Harbor mouth is the water level
difference, and that the fall of the back surface pressure during overflow and rise of
instability of the mound by scouring made them more vulnerable to collapse at the
same time as it scattered their collapse. For the case of Hachinohe breakwater, it was
revealed that the failure modes are sliding mode, which occurs when friction
resistance is exceeded by external force, overturning mode caused by rotation
moment, and bearing capacity failure mode in which the foundation is destroyed by
caisson load. However, in the case where scouring of the foundation part in particular
has reached the caisson bottom, this causes the caisson to overturn. And this is called
foundation scouring mode.

Mori et al. (2013) also studied 2011 Tohoku Earthquake, tsunami damage and its
relation to coastal protection along the Sanriku Coast. They emphasize that tsunami
barriers (onshore and offshore breakwaters and natural tsunami barriers) were
severely damaged, and the extent of inundation was underestimated in several areas.
The coastal area in Otsuchi village was completely destroyed as the tsunami
destroyed the breakwater and propagated inland along the Otsuchi and Kotsuchi
Rivers. Hydraulic control structures and seawalls were completely overtopped during
the inundation.

According to Jayaratne et al. (2013)’s study, large concrete armour units had been
placed in front of the seaward slope of the breakwater at Ishinomaki Port. It was
found that the primary armour units on the seaward slope were displaced and
scattered in front of the breakwater, and some units were buried under tsunami
deposits, though there was no indication of damage to the front slope. The reason for
this destructive pattern could be due to the overflowing pressure acting on the crest
and leeward slope of the structure.

Esteban et al. (2013) states that field surveys of recent events such as the 2011 Great
Eastern Japan Earthquake Tsunami and 2004 Indian Ocean Tsunami have shown
flaws in the design of protection structures. In Esteban et al.’s (2013) work, the
authors have set out to improve the accuracy of the formula of Esteban et al. (2012)
by expanding the analysis to a number of other ports that were affected by the 2011
Great Eastern Japan Earthquake Tsunami and the 2004 Indian Ocean Tsunami.
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The 2011 Great Eastern Japan Earthquake and Tsunami disaster was so large that it
has prompted considerable re-thinking amongst the Japanese Coastal Engineering
Community, which has now started to classify tsunami events into two different
levels (Shibayama et al., 2013), according to their level of severity and intensity.
Level 1 Events would have a return period of several decades to 100+ years and be
relatively low in height, typically with inundation heights of less than 7-10m. Level
2 Events on the other hand would be less frequent events, typically taking place
between every few hundred to a few thousand years. To derive a formula for the
design of breakwater armour units the authors (Esteban et al., 2013) used real-life
failures of armour units at several locations along the South West of Sri Lanka (for
the 2004 Indian Ocean Tsunami) and northern Japanese (for the 2011 Great Eastern
Japan Earthquake and Tsunami) coastlines. Firstly, they surveyed the damaged ports
in Sri Lanka which was hit by a massive tsunami triggered by a 9.0 magnitude
earthquake off the coast of Sumatra on 26 December 2004. Then, they analysed the
damage in Japanese Ports and during the field surveys, it appeared that composite
breakwaters (those protected by armour units such as Tetrapods) were far more
resilient than simple caisson breakwaters. It appears that the armour behaved as
designed at dissipating the impact of the tsunami wave forces on the seaward side of
the caisson, although damage to armour units was also recorded for several composite
breakwaters. Also, evidence from the failure of coastal dykes appear to indicate that
many structures fail due to the overtopping effect of the tsunami, which can cause
scour at the landward side of these structures. Similarly, rubble mound structures
might be more vulnerable to this scouring at the back than caissons, which are more
massive and can resist this effect, provided that the toe of the structure does not fail.
As the authors judging from video footage of the 2011 Great Eastern Japan
Earthquake and Tsunami, wave overtopping is a complex phenomenon, which might
actually represent the defining failure mode. A prolonged overflowing effect would
generate a very intense current, and many structures along the Tohoku coastline
appeared to have failed due to erosion of the landside toe of the structure. This has
led some researchers (Kato et al., 2012; Sakakiyama, 2012; Hanzawa, 2012) to state
that the failure mode is directly related to this overflowing current. Nevertheless, the
initial impact of the wave also has an effect on the breakwater armour, and it would
appear logical that once this initial wave shock has been absorbed, the overflowing
current would probably have no effect on the armour units. The exact failure
mechanism for each of the breakwater types is still unclear, and whether armour units
were displaced by the incoming or the outgoing wave could not be easily established
for any of the field failures recorded. Therefore, the authors carried out some
preliminary laboratory experiments which appear to indicate that although the
incoming tsunami wave can cause some movement to the caisson, the major failure
mode of the armour could occur as a result of the outgoing wave and the situation in
their experiments can be seen below:
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Fig.3.9. Overtopping of a composite breakwater by incoming tsunami wave (note no
armour damage) Adapted from: (Esteban, Miguel, et al., 2013)

Fig.3.10. Overtopping of a composite breakwater by outgoing tsunami wave (note
the heavy damage) Adapted from: (Esteban, Miguel, et al., 2013)

Following the 2011 Great Eastern Japan Earthquake and Tsunami, there is a general
perception that tsunami counter-measures must be designed to fail in a non-
catastrophic way, even against Level 2 events. Therefore, it is recommended by
Esteban et al. (2013) that partial failure should be accepted when designing important
structures against the more extreme Level 2 tsunami events. However, only limited
damage should be required for the smaller and more frequent Level 1 events.

45 Other Structures and Coastal Protection Elements

According to Fraser et al. (2013)’s study regarding their field observations on the
2011 event, the tsunami at Kesennuma flowed north up the bay, arrived at the harbour
as a fast-flowing rising tide (Japan Coast Guard 2011) and overtopped harbor walls
and river defences. Significant damage was sustained along the western shore of the
bay (on the eastern side of the river) and in the northern area of the city at the head
of the bay. Embankments provided a large degree of protection to some parts of the
survey area as no scour or slope failure was observed at these embankments and in
both cases tsunami damage to buildings behind the embankments was substantially
lower than in front. The impact of embankments was entirely related to their position
and height relative to tsunami inundation depth; however, as stated in the study, these
observations provide evidence that in low to moderate inundation depths, placement
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of infrastructure on embankments can limit damage to both infrastructure and
structures in the lee of the embankment. The coastal defences in Minami-Sanriku
Town consisted of two flood gates across the two river channels; the concrete pillars
of these gates remain standing although the attached steel operating components were
washed away (Fraser et al, 2013). The beach in Yamamoto Town had pine coastal
forest immediately inland. Pine trees of the coastal forest were largely destroyed by
the tsunami: they had bent over and trunks were snapped very close to the base. The
coastal forest provided substantial amounts of debris which was seen to cause
structural damage to a steel frame agricultural building located 1 km inland.

Mori et al. (2013) analyses three different bays—Rikuzen-Takata, Otsuchi, and
Kamaishi—along the Sanriku ria coast. They give information about Rikuzen-Takata
which had a natural sandy beach with 80,000 pine trees as a part of a coastal
protection plan. Because of the reliance on the pine trees and sandy beach as a natural
buffer, the coastline of Rikuzen-Takata was protected by a breakwater of relatively
low height (5 m) compared to other regions. However, this natural protection was
completely destroyed except for one pine tree. There was more than 100 m of
shoreline loss due to a combination of subsidence and erosion from the tsunami.

Nagasawa and Tanaka (n.d.) studied damage of the civil structures with massive
geomorphic change caused by Tohoku-Pacific Ocean Earthquake and Tsunami in
2011. In addition to that the strong wave power and flow generated by the run-up of
it has destroyed many sea and river embankments and buildings in coastal area, they
caused a large-scale geographical variation. According to their field survey, after
2011 tsunami, the shore protections in Oisehama beach were entirely collapsed and
the parts of it moved seaward and the sand of beach were also washed away. At the
result, the coastal-line moved landward about from 50 to 200m. There were coastal
forest and rice fields, and houses along the street behind the beach. But almost all of
those in inundated area were washed away due to the tsunami. They state that as it is
understood from the aerial photographs of the Oisehama beach area, almost all shore
protections, except the east part, were destroyed and washed away. And the coast-
line is moved landward from revetment normal before disaster. The objects like
island in the sea are parts of destroyed revetment. Therefore, it is thought that the
destroyed revetments were moved seaward by tsunami flow. They estimate that the
tsunami external force acted on the revetments seaward and the revetment fell down
seaward and destroyed. The length of coastline along which the revetments were
destroyed due to tsunami flow is about 1km in Oisehama beach, and the sands of the
beach were eroded seriously. But one important thing is that the serious erosion did
not occur at the east end of the beach whose shore protection was not destroyed. As
a result, the places where the structural damages with massive geomorphic change
due to tsunami occurred were low-lying area and river mouth in which the tsunami
flooded in large and deeply and the flow concentrated on the low-lying point such as
old flow paths and small channels when the tsunami rushed out to sea. Also, it is
thought that the tsunami rushing back out to sea associated with massive overflow
and front scours of the shore protection caused the collapse of the shore protection.
However, they state that, it is necessary to study in detail when the revetment have
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actually collapsed, because of that the tsunami have attacked the coast area
repeatedly.

4.6 Failure Mode Matrix

The previous sections have described several failure modes reported from different
authors. In the following, an overview of the different failure modes will be given
with a short example, the source of information, and further details.

For Table 4.1:

1-A, 2-A, 3-A Overflow - Functional Failure: The coastal area in Otsuchi village
was completely destroyed as the tsunami destroyed the breakwater and propagated
inland along the Otsuchi and Kotsuchi Rivers. Hydraulic control structures and
seawalls were completely overtopped during the inundation. (Mori et al. (2013)

1-J Revetments — Sliding: Nagasawa and Tanaka (n.d.) estimate that the tsunami
external force acted on the revetments seaward and the revetment fell down seaward
and destroyed.

1.1-B Concrete Seawalls — Scour: Two large scour profiles at the leeward slope of
the curved 2.5 m high concrete seawall in the east side of Ishinomaki port extended
about 60.0 m in length along the seawall. The massive concrete platform placed at
the toe of the leeward slope disappeared due to the tsunami, leading to two scour
holes being created. (Jayaratne et al., 2013)

1.1-H Concrete Seawalls — Overturning: In some cases the concrete seawalls were
overturned by return flow rather than by the incoming tsunami. (Earthquake
Engineering Research Institute, EERI, 2011)

1.2-B, 1.2-C Solid-Concrete Seawalls — Scour: Yeh et al. (2012) conducted surveys
along the Sanriku coast after 2011 event and state that remarkable destruction of
upright solid-concrete type seawalls was closely related with the tsunami induced
scour.

1.2-E Seawalls — Soil Instability: Remarkable destruction of upright solid-concrete
type seawalls was closely related with also soil instability. The rapid decrease in
inundation depth during the return-flow phase caused soil fluidization down to a
substantial depth and this mechanism explains severely undermined foundations
observed in the area along the Sanriku Coast of low flow velocities. They found that
soil instability played a major role in the failures. (Yeh et al., 2012)

1.2-H Seawalls — Overturning: Overturning of a seawall which was observed on the
Ryoishi Coast, Iwate Prefecture induced by the Great East Japan Earthquake
Tsunami may occur if the overturning moment induced by the wave force on the
seawall during tsunami runup or drawdown is larger than the resistance moment due
to the weight of the seawall. (Kato et al., 2012)
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1.3-B Mound-type Seawalls — Scour: The fast flow velocities with intense turbulence
resulted in severe undermining damage in the rear face of the mound-type seawall in
Kanahama, as well as formation of a large scour hole behind. (Yeh et al., 2012)

2.2-B Dikes — Scour (Leeward): Jayaratne et al. (2013) noticed severe damage to the
leeward face and toe of the sea dike at Soma city. Diverse failure patterns were
observed from the north to the south side, resulting in partial to total failure of the
leeward face due to scour.

2.2-C Dikes — Scour (Seaward): Seaward flow over the coastal dike may cause
scouring at the seaward toe of the dike as also pointed out in previous studies (e.g.,
Noguchi et al. 1997). Seaward flow during tsunami drawdown caused scouring at the
seaward toe of the coastal dike and revetment. Scouring at the landward toe affected
the stability of the seaward armor, resulting in floating away of seaward armor and
breaching of the dike. (Kato et al., 2012)

3.1-B, D& E Breakwater — Scouring, Sliding and Soil Failure: All these failure
modes due to tsunami overflow was observed in Kamaishi and Hachinohe
Breakwaters. Both breakwaters were modelled in laboratory and several experiments
were performed to determine factor of safety regarding sliding and overturning
considering the scour at the leeward (at the foundation level) as well as bearing
capacity failure (soil failure). (Arikawa and Shimosako, 2013)

3.2-G Breakwater — Slope Failure (Seaward): Large concrete armour units had been
placed in front of the seaward slope of the breakwater at Ishinomaki Port. It was
found that the primary armour units on the seaward slope were displaced and
scattered in front of the breakwater, and some units were buried under tsunami
deposits, though there was no indication of damage to the front slope. (Jayaratne et
al., 2013)

3.3-F Composite Breakwaters — Slope Instability (Leeward): Esteban et al., 2013
states that the exact failure mechanism for each of the breakwater types is still
unclear, and whether armour units were displaced by the incoming or the outgoing
wave could not be easily established for any of the field failures recorded. Therefore,
they carried out some preliminary laboratory experiments which appear to indicate
that although the incoming tsunami wave can cause some movement to the caisson,
the major failure mode of the armour could occur as a result of the outgoing wave.

3.3-H Composite Breakwater — Overturning: In Kamaishi City, the tsunami on
March 11th overturned the north section (990 m in length) of the newly completed
offshore breakwater and although the south section (670 m in length) survived mostly
intact, it was left inclined (Yagyu 2011, retrieved from Fraser et al., 2013).

4.1-1 Parapet, Crown Walls — Run-up & Drawdown Failures: Concrete parapets
were installed along the shoreline to mitigate wind-wave overtopping, but some of
the parapets were broken by tsunami run-up. This pattern may occur if shear stress
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induced by the wave force acting on the parapet during tsunami overtopping is larger
than the shear strength of the parapet joints. Similar to tsunami run-up, tsunami
drawdown also results in wave forces acting on the parapet leading to parapet failure.
Parapets are designed not for tsunami forces from the land but for wave forces from
the sea. (Kato et al., 2012)

4.2-A Harbour Walls — Functional Failure: The tsunami at Kesennuma flowed north
up the bay, arrived at the harbour as a fast-flowing rising tide (Japan Coast Guard
2011) and overtopped harbour walls and river defences. Harbour walls at the Yuriage
Port show also functional failure (overtopped). (Fraser et al., 2013).

5-B Embankments — Scour: Scour on the leeside was a main cause of embankment
failure due to 2011 Tohoku Earthquake, Tsunami in Yamamoto Town. (The 2011
Tohoku EarthquakeTsunami Joint Survey Group 2011,
http://www.coastal.jp/tsunami2011/index.php?Fieldsurveyresults )

6-A Tsunami Gates — Functional Failure: Most seawalls had openings to allow
vehicular traffic to pass through the wall, with heavy steel gates to close the openings
when a tsunami warning was announced. It appeared that (during 2011 Tohoku event
analysis of EERI Teams), such gates had been successfully closed prior to the
tsunami inundation, and that the majority of the gates resisted well the incoming flow,
but often failed during the outward return flow, for which they had not been designed.
(EERI, 2011)

6-H Tsunami Gates — Overturning: Many tsunami gates designed to reduce flooding
along rivers were overturned by the Great East Japan Earthquake and tsunami.
(World Bank Knowledge Note 1-1, 2012)

Many of the failure modes presented in this report are aimed to cover several types
of failures since exact process of many of the failure modes have not been determined
yet. Observations are almost always after the event, thus, they can only give
information on the total failure or the most governing failure mode. For example,
many of the dikes have failed due to scour however it is also seen that after scour at
the base of the structure, removal of concrete slabs, washout of sand fill or erosion
of inner slopes have occurred which contributed to the overall failure of the structure.
For example, slope instability on the leeward side has been developed to cover all of
the secondary processes (removal of concrete slabs, washout of sand fill, etc) that is
mentioned above. Similarly, removal of blocks in case of rubble mound structures or
seaward protection of vertical structures are covered by failure mode named as slope
instability on the sea side. Certainly, it is possible to reorganize the presented matrix
with more detailed failure types and this is one of the objectives of RAPSODI project.

Using these field observations, the initiating drivers for all failure modes may be
categorised into two main processes: (1) Water level difference across the structure,
and (2) tsunami wave-induced forces. In Tab. 4.1 an overview of the observed failure
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modes for each of these processes is provided for all coastal structures which were
investigated.

Table 4.1 Failure Mode Matrix

FAILURE MODES INDUCED BY TSUNAMI LOAD CONDITIONS
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Another failure mode matrix, Table 4.2, is being prepared for buildings by analysing
the model tests, observations and field data. The matrix and the corresponding
examples are given below. Similar to the coastal structures matrix, the failures are
grouped into two according to the main driving processes: impulsive tsunami loading
and standing tsunami pressure. The structures are also grouped according to the
available protection measures taken against tsunami impact, construction type and
individual parts of the structures. However, it should be noted that this matrix is a
preliminary result and requires additional work.

For Table 4.1:

2.1.1 - A;2.1.2 - B,M: Arikawa (2009) examined the failure mechanisms of wooden
walls and reinforced concrete walls with different thicknesses and strength under a
high-intensity tsunami attack (i.e. 2011 Great East Japan Earthquake and Tsunami).
He found out that the wooden wall was destructed at the moment that water hit the
wall and the failure was explosive. However, the destruction and the failure
mechanism of concrete walls depended on the thickness and the strength. He stated
that the bending or punching shear failure occurred when the concrete was low-
strength whereas the failure mode shifted local failure to whole destruction when the
concrete is high-strength.

2.2.2: Arnason et al. (2009) investigated tsunami-structure interaction with
laboratory experiments carried out on vertical acrylic columns of different cross-
sections by generating bore-like flow of a broken tsunami wave. They measured the
water-surface variations, velocity flow fields, and forces on columns but no
information exists on the failure mechanism of the structures. It is not even
mentioned if the structures are failed in some conditions or not.
11,12,13-L;131-H;213,214,215-1;214-K;221-L;23-K;24.1
-H, I

Asai et al. (2012) surveyed the Tohoku area (from Hachinohe city in Aomori
Prefecture to Soma city in Fukushima Prefecture) after the Great East Japan
Earthquake and Tsunami to investigate structural damage and inundation depth in the
area to assess the design load for tsunami shelters. Their investigation consists of
more than 130 structures including (a) buildings with simple configuration, (b) fence
walls, (c) RC or masonry columns (bridge piers, gate piers, etc.), (d) stone
monuments, (e) seawalls, and (f) steel fences. They give relationship between
equivalent tsunami pressure, flow velocity, Froude number and structure’s damage
and four different failure modes for different types of structures as rebar yielding,
rebar fracture, sliding and overturning observed in the survey area.

31-E F, G, N, 0;32-E, H M, P: Building Research Institute and National
Institute for Land and Infrastructure Management and Ministry of Land,
Infrastructure, Transport and Tourism jointly carried out site investigation for
building damages affected by tsunami in 6 cities for lwate prefecture (Miyako,
Yamada, Otsuchi, Kamaishi, Ofunato, and Rikuzen-Takata), and 9 cities for Miyagi
prefecture (Kesennuma, Minami-sanriku, Onagawa, Ishinomaki, Sendai, Natori,
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Iwanuma, Watari, and Yamamoto). Fukuyama et al. (n.d.) stated their observations
as the following seven types of damage patterns of reinforced concrete buildings as;
pancake collapse, 1% story collapse, overturning and movement, tilting and drifting
by scouring, sliding, fracture of wall (opening) and debris impact provided with
examples. For the steel buildings; main patterns are washout by fracture of exposed
column base and capital connection, overturning, large residual deformation and
debris impact.

2.3.1, 2.3.2 — C: Meyyappan et al. (2013) conducted laboratory experiments to
investigate the effect of a sequence of waves (tsunami ‘blows’) before failure and the
shape of the building to its ability against tsunami. The failure mechanism that they
observed is overturning on those model testing and they state that the number of
tsunami ‘blows’ is an essential parameter in the design of tsunami resistant structures.
Circular buildings are found to be better than rectangular/square shaped buildings
and of the two non-circular building models considered in the study, square shaped
building showed better performance.

All-J;23,2.1.1,24.2-E:

Yalciner et al. (2011) reported their findings from a field survey performed in the
tsunami hit areas of Great East Japan Tsunami as the Sendai Airport, Yuriage, Natori,
and Sendai port, Taro, Miyako, Yamada, Kamaishi, Rikuzentakata, Ofunato and
Kesennuma. According to Yalciner et al. (2011), it was clearly observed that tsunami
energy is focused in narrow long bays and when arrived coastal areas it propagated
inland along rivers. They presented building damage and possible reasons of building
damage. According to their findings, large scale erosion was observed around the
concrete structures and in some cases causing overturning. Scouring occurred as
expected during tsunami attacks (Sumer, 2007). They also stated that almost all
wooden structures were either destroyed by debris impact or carried away due to
strong currents - few out of thousands of buildings survived. They presented an
example of the tsunami damage of an elementary school in Arahama. The entire stage
of the school was covered with mud and debris, while two cars had been carried into
the building.

12.1,221-E:

Ghobarah et al. (2005) conducted a field investigation of the 26 December 2004 south
east Asia earthquake- and tsunami-affected areas in Thailand and Indonesia. They
stated in their report that many reinforced concrete columns failed due to the impact
of large and heavy objects in the debris such as boats and cars. They suggest that the
inclusion of redundancies in the design may ensure that the structure will not collapse
due to the failure of one or two columns.
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Tab.4.2 Preliminary failure matrix for land structures (buildings)

FAILURE MODES INDUCED BY TSUNAMI LOAD CONDITIONS
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4.7 Summary

Two matrices have been prepared to summarize tsunami impact on coastal structures
and buildings based on the observations and experiments provided in the literature.

The first matrix (Table 4.1) gives insight into the failure modes of different types of
structures due to water level differences where overflow occurs and due to tsunami
wave loadings. Many of the structures given in the table describes the types of
structures located in Japan considering the vast amount of information collected after
2011 GEJE tsunami. Functional failure of the structures (overflow) mainly occurs to
water level differences across the structure during the tsunami wave. On top of the
functional failure, the structures are observed to become damaged or totally collapse
due to water level differences. Most of the time it is seen that several of the failure
modes took place consecutively to generate the final damage observed. However, the
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exact sequence of the failure modes for many of the failures require more
experiments and/or real time observations to accurately understand the overall
damage caused by tsunami. Additionally, not all the failure modes presented in the
matrix have been observed for every type of the structures. This could either mean
that that particular type of failure is not possible or the failure mode requires more
research in order to reach a conclusive outcome.

Most of the missing information is about performance of rubble mound breakwaters
since they are not common in Japan. Additionally, failure modes due to wave impact
has not been investigated much in the literature. One reason could be due to the fact
that tsunami waves are solitary waves and if there exists no overtopping, damage is
usually insignificant for large structures. However, the exact amount of damage that
could be caused by tsunami wave force would be important in case of maintenance
as well as possible decrease in the resilience of the structure under cyclic loading
such as storms. Another important outcome of the failure matrix is that soil
conditions and soil-structure interaction is very important in the case of overflow.
Much of the observed failures were based on scouring on either side of the structures
occurred during the tsunami event. Additionally, some of the failures were due to the
tsunami drawdown (outflow) which was not considered in the design of these
structures before 2011 observations.

Another failure modes matrix (Table 4.2) showing failure mechanisms of different
land structures such as reinforced concrete and steel buildings, walls, columns,
wooden structures is presented. An analysis of both experimental studies and post-
event surveys has been performed and findings are roughly categorized according to
the tsunami loading condition which is either tsunami impact pressure or the standing
tsunami pressure. Debris impact is commonly observed in wooden structures and
buildings whereas overturning, bending and punching shear failure and 1% story
collapse are the other failure modes seen under impulsive tsunami loading. In case
of standing tsunami pressure, scour and rebar fracture are the most common ones and
overturning, rebar yielding and wash-away due to sustained force are the other
present forms of failure. The analysis shows that the static and dynamic effects of
debris on structures is significant in addition to tsunami pressure. Also, the design
approaches against erosion around concrete structures should be improved and
extended since it occurs in most of the cases. Finally, some design strategies could
be developed such that buildings do not collapse as a result of one or two column
failures.
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5 Vulnerability Assessment

A recent increased interest in tsunami risk is probably due to a trend in natural hazard
science where hazard-oriented approaches are shifted to risk approaches. Likewise,
the turning point in tsunami risk research was recent tsunami events with severe
consequences (e.g. the Indian Ocean tsunami on December 26, 2004, the Java
tsunami in July 2006, the Solomon Islands tsunami in April 2007 or the 2011 Tohoku
Earthquake and Tsunami). Levholt et al. (2014) provide an overview on the
achievements made in tsunami risk reduction since 2004.

It is expected that future tsunamis can have a higher impact due to the increasing
number of people, buildings and infrastructure that are being exposed to natural
hazards as the pressures for urban development extend into areas of higher risk. To
avoid or mitigate future tsunami events, it is necessary to study and understand this
phenomenon in detail. Knowledge about exposed elements, and their susceptibility,
coping and adaptation mechanisms is a precondition for the development of people-
centered warning structures (Post et al., 2008). Overall, risk assessment has two
dimensions as the hazard assessment and the assessment of vulnerability. Both
components have a significant influence on the level of tsunami risk and provide the
basis for the tsunami risk assessment. Vulnerability assessment as the second
dimension of risk assessment plays a crucial role in tsunami disaster reduction
strategies. Vulnerability can be defined as “The conditions determined by physical,
social, economic, and environmental factors or processes which increase the
susceptibility of a community to the impact of hazards” (ISDR, 2004). With respect
to this definition, vulnerability is trans-disciplinary and multi-dimensional, covering
social, economic, physical, political, engineering and ecological aspects and
dimensions (Post et al., 2009). Risk and vulnerability assessment is also an integral
part in the development of an effective end-to-end early warning system, which
significantly contributes to disaster risk reduction to low-frequency but extreme
events like tsunamis. Actually, there is no general agreement between different
disciplines on the definition of risk and the same can be said for tsunami risk
applications. Tsunami risk is generally expressed as the product of hazard and
vulnerability (e.g. Rynn and Davidson, 1999); some scientists also use the extended
expression such as the product of hazard, vulnerability and economic value (e.g.
Papadopoulos and Dermentzopoulus, 1998), or simply hazard and consequences or
exposure (Clague et al. 2003).

There are numerous methods that have emerged to evaluate risks, and these range
from highly technical, statistical, quantitative assessments to simple, qualitative
assessments. The best assessments would combine these methods, treating each
hazard separately, as well as incorporating considerations for multiple and
cumulative hazards occurrences into the overall assessment framework and
methodology.
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5.1 General Tsunami Vulnerability Assessment Approaches

To begin with the general approaches regarding tsunami vulnerability assessment,
the UN International Decade for Natural Disaster Reduction (IDNDR) project
“Contemporary Assessment of Tsunami Risk and Implication for Early Warnings for
Australia and its Island Territories” was a pilot project which aimed to assess tsunami
risk, in qualitative and quantitative terms (Rynn and Davidson, 1999). In the project,
vulnerability is defined in qualitative terms as high, medium and low level for the
built and natural environment. The recently published report Natural hazards in
Australia: Identifying risk analysis requirements (Middelmann, 2007) contains also
a chapter on tsunamis. In their report, the general approach to estimating tsunami risk
involves five key sequential stages. Vulnerability model is the fourth stage for
estimating tsunami risk. The model is to characterize the nature and magnitude of the
damage from a wave of given velocity. The structural and human vulnerability are
considered and if possible must be estimated.

A contribution from Thailand to tsunami risk assessment is the CRATER project
(Coastal Risk Analysis of Tsunamis and Environmental Remediation) (Cavalletti et
al. 2006). In the project, vulnerability parameters are categorized into the four groups;
population, built environment, socio-economic aspects and environment. For each
parameter a list of impact elements is prepared. The total vulnerability is a sum of
impact elements based on a weighting factor. The risk value is calculated for each
vulnerability parameter and the final outcome is so-called thematic risk maps (i.e.
population risk map, socio-economic risk map or building risk).

Another interesting example from Greece can be found in Papathoma and Dominey-
Howes (2003) and Papathoma et al. (2003). The authors used a new vulnerability
approach for the estimation of the cost of a hypothetical tsunami impact in two
coastal villages in the Gulf of Corinth and for the city of Heraklion. The authors
demonstrate the importance of the vulnerability component in tsunami risk
assessment as a very dynamic factor dependent on a number of parameters relating
to the built environment, sociological, economic, environmental and physical data.
The wvulnerability parameters are ranked according to their importance and a
weighting factor is applied. The tsunami source and off-shore bathymetry are
neglected in this approach. This so-called “Papathoma method” is divided into the
following steps:

1) Identification of the inundation zone and inundation depth zones. The
inundation zone is considered between the coastline and the 5 m contour based
on probability studies of historical tsunamis, where the greatest wave height
was 5 m (from 1963).

2) ldentification of factors that affect the vulnerability of buildings and people.
For the built environment the following parameters are considered: number of
stories of each building, description of ground floor, building surroundings,
material, age and design. Population density and number of people per building
are basic sociological parameters.
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3) Calculation of the wvulnerability of individual buildings (BV) within the
inundation zones using a multi-criteria evaluation method:
BV=(7xa)+(6xb)+(5xc)+(4xd)+(3xe)+(2xf)+(1xQ)

Where, a-g = Standardized scores that are related to the material of the building,
row of the building, numbers of floors, building surroundings, condition of the
ground floor, sea defence and width of the inertial zone, respectively.

Human vulnerability (HV) of each building is calculated by:

HV =BV x P

Where, P is the population.

4) Display of building vulnerability and human vulnerability for example ina GIS
environment. Since this approach particularly focuses on vulnerability
assessment, the other risk components are generalized or simplified, i.e. the
tsunami sources are not considered and the inundation zone is just defined as
the area between the coastline and the 5 m contour. The cost of a future
hypothetical tsunami is estimated for the affected properties (such as buildings,
households, businesses, etc.) and the results are presented in Euros.

The ““PTVAM’’ Papathome Tsunami Vulnerability Assessment Model [Papathoma
and Dominey-Howes, 2003, Papathoma et al., 2003] is a dynamic model that
incorporates multiple parameters (attributes) that are known to influence
vulnerability to tsunami loss and damage. The model is dynamic in that the attribute
data contained within the primary database, may be modified and updated allowing
investigation of vulnerability both spatially and temporally. The PTVAM is
organized and presented within a GIS framework thus allowing rapid data entry and
visualization of changing vulnerability (through the production of new maps). Based
on an analysis of multiple post-tsunami field surveys, Papathoma (2003) identified a
suite of attributes (parameters) that are reported to affect the degree of damage from,
or protection to, tsunami flooding for individual buildings and structures. These
attributes were then classified into ‘major classes or groups’ (e.g. built environment,
sociological data, economic data and environmental/physical data) and variations
(values) in the degree or range of these attributes were identified together with a
vulnerability descriptor for each attribute. These vulnerability classes/groups,
parameters, values and descriptors are given in Table 5.1.
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Table 5.1. Continued
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Dunbar and Weaver (2008) presented an exposure and vulnerability assessment
module within the scope of “U.S. States and Territories National Tsunami Hazard
Assessment: Historical Record and Sources for Waves” prepared by a collaboration
of National Oceanic and Atmospheric Administration (NOAA) and U.S. Geological
Survey (USGS). After the tsunami hazard has been characterized, the next step is to
determine who and what is actually exposed to tsunami inundation and runup. This
requires an assessment of the people, homes, commerce, industry, natural resources,
etc., that are in the tsunami inundation zones for a given event. However, exposure
does not equal vulnerability—the susceptibility to harm or damage during tsunami
inundation. The vulnerability of a physical structure would be influenced by factors
such as structural design, material, condition of structure, and distance from shoreline
whereas the factors that would control the vulnerability of a person would include
age, gender, education, mobility, and physical health (Dunbar and Weaver, 2008).

According to the three pillars of sustainable development, Post et al. (2007)
developed and presented indicators for the socio-economic and physical dimensions
of vulnerability. The main task is an assessment of vulnerability and coastal risk
towards tsunami threats and their study is embedded in the German-Indonesian
Tsunami Early Warning System (GITEWS) project. Products of the three years
project include new physical and socio-economic vulnerability assessments,
vulnerability and risk maps and guidelines for decision makers how to monitor and
conduct continuous vulnerability assessment for effective early warning and the
disaster mitigation strategies. If looked at their conceptual framework, their research
is focused on “who and what is vulnerable” meaning that the socio-economic spheres
(“who” including e.g. social groups and institutions) have to be linked with the
physical-natural spheres (“what” in a sense of e.g. built environment, critical
infrastructures, economic sectors. The vulnerability assessment approach that
conducted and operationalized in the project is based on the BBC-framework
(Birkmann, 2006). It encompasses the identification and assessment of the
vulnerability of the population exposed (different social groups), basic infrastructure
services and physical structures within coastal communities. The BBC framework
emphasizes the fact that vulnerability is defined through exposed and susceptible
elements on one hand, and the coping capacities of the affected entities (for example
social groups) on the other.

Furthermore, the underlying concepts and applied methods in the GITEWS project
are also explained in Strunz et al. (2011). The vulnerability assessment starts with
exposure estimation. The approach for exposure estimation, which has been
developed in GITEWS, is based on a combined approach using in-situ assessment
and remote sensing. In a first step, a detailed assessment based on the selection of
some representative buildings (“stratified sampling”) is made. Geometrical and
structural parameters of these buildings are acquired in an in-situ assessment.
According to these parameters the sample buildings are categorized. The approach is
based on a decision tree algorithm and on object based image interpretation. The
method is described in more detail in Sumaryono et al. (2008). After that comes the
assessment of response capabilities and preparedness. Because, the analysis of the
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response capabilities and community preparedness to tsunami warnings is an
important issue in vulnerability assessment. The assessment has to answer the
questions of warning dissemination, anticipated response and evacuation. The
detailed methodology is described in (Post et al., 2009).

The Last Mile-Evacuation research project (Taubenbdck et al., 2009) aims to develop
a numerical tsunami early warning and evacuation information system, particularly
for the low-lying, coastal city of Padang, Indonesia. The city is severely at risk
regarding earthquake-generated tsunamis. The vulnerability assessment which is one
of the key goals of the project provides spatial information with regard to social
aspects to improve tsunami disaster risk reduction in terms of disaster management
efforts and long-term coastal urban spatial planning. With this regard, they aimed at
the assessment of time-specific distribution of various social groups based on the
city’s physical structure and socio-economic characteristics taking into consideration
the tsunami-prone areas (dynamic exposure mapping), the assessment of factors that
may cause ineffective and delayed evacuation warning response and root causes for
a lack of access to effective early warning dissemination and also the assessment of
factors that influence people’s evacuation behaviour such as lack of awareness or
knowledge of tsunami risk and preparedness. In the initial phase, a vulnerability
framework containing various vulnerability components was developed based on a
literature study on vulnerability concepts, early warning and evacuation behaviour.
The vulnerability components were divided in main thematic areas according to the
relevant planning purpose and potential end-users such as urban planning, disaster
management and community development. This process was done in an iterative
manner during the course of the research: Criteria for each vulnerability component
were derived by means of a literature study and participatory consultations with the
local stakeholders. (www.ehs.unu.edu/article/read/last-mile )

Primary data collection was conducted as a combination of qualitative approaches
such as semi-structured interviews, participatory rural appraisal (PRA), as well as
Focus Group Discussion (FGD) and quantitative approaches such as questionnaire-
based surveys. Secondary data was collected from existing statistical and spatial data
provided by authorities and derived from remote sensing analysis. Descriptive and
multivariate statistical analysis was employed to test the influence of various
variables for each component of the vulnerability of people exposed to tsunami risk.
The analysis served as a filtering process to select the final sets of indicators. Spatial
analysis using GIS tools was carried out to link the social data with the spatial
structure of the city. Finally, thematic aggregated vulnerability maps were produced.
The applicability of maps and indicators is validated by means of discussions with
the local stakeholders and potential main users.

As stated in the fifth cluster of the Learning from Megadisasters Knowledge Notes
project of the Government of Japan and the World Bank Group (Sagara, and Saito,
2013), the damage caused by the GEJE far exceeded the predisaster damage
estimates, because of the underestimation of the earthquake and tsunami hazards. The
number of completely destroyed buildings was about six times the estimated amount,
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and the number of human lives lost was more than seven times the estimation.
Therefore, they characterize a conventional methodology for estimating damages. A
quantitative estimation of the impact was carried out using the relationship between
the magnitude of the hazard (seismic intensity, maximum ground velocity, tsunami
inundation depth, and so on) and the actual damage (number of destroyed houses,
human loss, and so on), which was established based on historical earthquakes. For
example, tsunami damage to buildings was estimated using the assumption that a
building is completely destroyed if the inundation depth is 2.0 meters or more based
on empirical evidence. Human losses caused by tsunamis were estimated based on
the tsunami-affected population and historical records of death by tsunami inundation
depth and estimated evacuation rates (percentage of people who can obtain warning
information and the time it takes for people to evacuate). Furthermore, infrastructure
damage was estimated on the basis of the estimated number of destroyed buildings,
lifeline failure rates and the number of days required for restoration, for which
empirical relationships have been established based on previous disasters. According
to them, the underestimation of damage in the case of the GEJE was largely due to
an underestimation of the magnitude of the hazards involved. Also, it has been
pointed out that some factors such as evacuation rates used for damage estimation
purposes were higher than actual rates, which could have further contributed to an
underestimate of human losses. At the time of this writing, the damage estimation
methodology is being revised.

Structures along the coast are particularly susceptible to a variety of natural hazards.
Coastal construction practices, however, as they exist today, may not be sufficient to
resist their extreme loads. A 3-tier tsunami vulnerability assessment technique is
presented in Ismail et al. (2012). The scope of their assessment is focused on the
vulnerability of the physical characteristics of the coastal area of the north-west coast
of Peninsular Malaysia, and the vulnerability of the built environment in the area that
includes building structures and infrastructures. The assessment was conducted in
three distinct stages which stretched across from a macro-scale assessment to several
local-scale and finally a micro-scale assessment. On a macro-scale assessment,
Tsunami Impact Classification Maps were constructed based on the results of the
tsunami propagation modelling of the various tsunami source scenarios. Tsunami
heights and flood depths obtained from these maps were then used to produce the
Tsunami Physical Vulnerability Index (PVI) maps. The final stage is the
development of the Structural Vulnerability Index (SVI) maps, which may
qualitatively and quantitatively capture the physical and economic resources that are
in the tsunami inundation zone during the worst case scenario event. The results of
the assessment in the form of GIS-based Tsunami-prone Vulnerability Index (PVI
and SVI) maps are able to differentiate between the various levels of vulnerability,
based on the tsunami height and inundation, the various levels of impact severity
towards existing building structures, property and land use, and also indicate the
resources and human settlements within the study area.

NGI (2011) published a document namely “Analysis of the 2011 Tohoku tsunami”
and they have developed a GIS based model to assess tsunami vulnerability and
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mortality risk. The model includes exposure analysis and mortality risk analysis
based on structural building vulnerability. To account for structural vulnerability a
sampled number of buildings have been mapped in the field and four vulnerability
criteria were assigned to each of the mapped buildings: (i) number of floors (height),
(ii) barriers in place, (iii) material, and (iv) use. To gather a spatial distribution for
the whole study area (Bridgetown, Barbados and Batangas Bay, the Philippines)
building information was extrapolated to all buildings in the study area using GIS
tools. Finally, a weighting scheme was applied to provide vulnerability scores to each
building according to the four vulnerability criteria. The model was applied in a pilot
study of vulnerability mapping for tsunamis prepared for Bridgetown, Barbados
within a two years capacity building program on natural disaster mitigation in the
Caribbean (NGI, 2009). See also Deliverable D8 "A GIS tsunami vulnerability and
risk assessment model™ (NGI 2015).

Dall’Osso and Dominey-Howes (2009) also presented a report which aimed to apply
and test a newly developed and highly novel GIS tool to assess the vulnerability of
coastal infrastructure to catastrophic marine floods (tsunami). The GIS model
calculated a Relative VVulnerability Index (RV1) score for every building in the study
area (selected coastal suburbs of Sydney) that would be touched by the water. RVI
scores were calculated combining buildings physical features (number of stories,
construction material, hydrodynamics and orientation of the ground floor, type of
foundation, preservation condition), building surroundings (movable objects that
could hit the structures and possible protection offered by other buildings or natural
and artificial fences) and exposure to inundation (the expected water depth at the
points where buildings are located). An innovative approach based on the Analytic
Hierarchy Process was used to weight all the different contributions to the final value
of RVI.

Ports and harbors are especially vulnerable to earthquake-related hazards, such as
severe ground shaking, soil liquefaction, landslides, and tsunami inundation because
of their geographic location. The NOAA Coastal Services Center (NOAA CSC), and
the U.S. Geological Survey (USGS) Center for Science Policy have undertaken an
initiative to increase the resiliency of Pacific Northwest ports and harbors to
earthquake and tsunami hazards. Specific products of this research and planning
initiative include a community-based mitigation planning process aimed at ports and
harbors and a G1S-based vulnerability assessment methodology (Wood et al., 2002).
Working with the local officials, emergency managers, and state and federal
agencies, a model planning process was developed and later refined. It consisted of
five steps, each with a variety of activities and the third step was the vulnerability
assessment. Given agreed-upon scenarios, the assessment includes using GIS and
field surveys to identify the exposure of port and harbor infrastructure, facilities, and
other resources to earthquake and tsunami hazards; conducting community-based
planning workshop with local stakeholders and technical advisors to assess
vulnerability from a combined local/technical perspective, using field visits,
facilitated brainstorming, and priority-setting techniques.
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If continued with the case study examples of tsunami vulnerability assessment,
Sinaga et al. (2010) presents a GIS mapping methodology, a case study of the
Jembrana Regency in Bali, Indonesia. They describe a GIS-based multi-criteria
analysis and use multiple geospatial variables of topographic elevation and slope,
topographic relation to tsunami direction, coastal proximity, and coastal shape. They
also incorporated expert knowledge by the Analytic Hierarchy Process (AHP) to
construct a weighting scheme for the geospatial variables. In order to examine
tsunami vulnerability in relation to land use, they overlaid an official land-use map
on the tsunami vulnerability map. Buildings as well as residential and agricultural
areas were found to be particularly at risk in their study area.

The same GIS mapping methodology is also used in Kameda’s (2011) study of
“’Tsunami Vulnerability Assessment and Crisis Mapping of Actual Tsunami Damage
in Miyagi, Japan’’ by one-to-one application of the methodology to Miyagi
Prefecture and using the 2011 Tohoku Earthquake and Tsunami. He conducted a
tsunami vulnerability assessment of Miyagi prefecture based on the variables:
elevation, slope, tsunami direction and coastal proximity. He also investigated how
the Japan Crisis Map twitter were spatially distributed in Miyagi prefecture. To
analyze the effectiveness of the vulnerability assessment and the crisis map, he
analyzed the distribution of both with actual tsunami damage indicators; remotely-
sensed tsunami inundation zones and official municipality casualty reports.

Mastronuzzi and Sanso (2006) also presented a case study of tsunami vulnerability
in the Apulia Region, Italy. They aimed to define the vulnerability of the Apulian
coast (southern ltaly), therefore, the effects of tsunamis on different types of coast
have been inferred from the available post-report events integrated by information
gathered from the geological research on deposits and forms which have been related
to tsunami action. This analysis allows the vulnerability of different type of coasts
occurring in Apulia region to be assessed.

New Zealand (Bernard et al., 2007) undertook a probabilistic tsunami hazard
assessment, developed relations between water velocity and structural damage, and
made an estimate of the likely losses from significant tsunami events. Their studies
are unprecedented in their scope, probabilistic framework for tsunami risk, societal
impacts, and thorough social science framework for tsunami preparedness
assessment, but are based on very little quantitative data or fragility relationships.
They state that, to manage risks associated with tsunamis, risk assessments must be
developed for a variety of tsunami scenarios, including defining credible worst case
events that combine ground shaking, ground level changes, inundation, and scour so
that the vulnerability of both the people and the built environment can be understood.
Such models should also include vulnerability of vehicles subjected to tsunami surge.

In the study of “Tsunami Vulnerability and Risk Analysis Applied to the City of
Alexandria, Egypt” by Jelinek et al. (2009) within the scope of TRANSFER
(Tsunami Risk And Strategies For the European Region) Project, very high
resolution satellite remote sensing data have been used to calculate the tsunami
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hazard, the physical vulnerability and risk for a central and peri-urban district of the
city of Alexandria. Based on historical records of past tsunamis, two inundation
scenarios of 5 m and 9 m run-up height were assumed to perform the physical
vulnerability and risk analysis. The vulnerability results presented in the study are
based on a conference paper prepared by Eckert and Zeug( 2009). According to their
methodology, the building vulnerability is based on the four indicators: elevation,
building type, number of floors and shoreline distance. These indicators were derived
from stereo remote sensing data in combination with a field survey.

5.2 Tsunami Fragility

Koshimura et al. (2009b) proposed the term “Tsunami fragility” as a new measure
for estimating tsunami damage. Tsunami fragility is defined as the structural damage
probability or fatality ratio with particular regard to the hydrodynamic features of
tsunami inundation flow, such as inundation depth, current velocity, and
hydrodynamic force (Suppasri et al., 2011). Koshimura et al. (2009b) described three
methods to develop tsunami fragility for structural damage; tsunami fragility
determined from satellite remote sensing and numerical modeling, determined from
satellite remote sensing and field surveys and determined from historical data. In the
first case, Koshimura et al. (2007, 2009c) developed tsunami fragility curves from a
numerical method. High-resolution satellite imagery in Banda Aceh, Indonesia was
used for damage detection with visual interpretation. A numerical model of tsunami
propagation and coastal inundation with high-resolution bathymetry/topography data
was produced to determine the hydrodynamic features of tsunami inundation on land.
The model results and interpretation of damaged buildings are then combined to
define the relationship between the hydrodynamic features of tsunamis such as
inundation depth, flow velocity, hydrodynamic force, and damage probabilities.
Further research was carried out for the 1993 Hokkaido Nansei-oki tsunami
(Okushiri tsunami) by Koshimura et al. (2009a). Secondly, based on investigation
results and damage levels, Foytong (2007) and Ruangrassamee et al. (2006) used
their survey database of about 120 buildings in tsunami-affected provinces in
Thailand to construct fragility curves of reinforced-concrete buildings.. Damage
levels are defined in terms of the overall damage of buildings. The four damage levels
are those of no damage, damage in secondary members (roof and wall only) only,
damage in primary members (beam, column and footing), and collapse. Their
conclusions showed that the fragility curves are dependent on building capacity
related to numbers of stories. Tsunami fragility is also expressed by building damage
levels from numerous field surveys conducted by Matsutomi and Harada (2010).
Finally, historical data on damaged buildings in Japan were used and tsunami
fragility curves were developed by Koshimura et al. (2009b). Their database included
post-tsunami surveys, documents and reports which include both tsunami height and
inundation depths for the 1896 Meiji-Sanriku, 1933 Showa-Sanriku, and 1960 Chile
tsunamis. Structural damage to houses was originally classified into four categories:
washed away, completely destroyed, moderately damaged, and only flooded.
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A case study of Seaside, Oregon for the application of fragility curves to estimate
building damage and economic loss at a community scale was carried out by Wiebe
and Cox, 2013. In their study, the damage estimates are based on fragility curves
from the literature which relate flow depth with probability of damage for two
different structural materials of buildings. They used the fragility curves developed
by Suppasri et al. (2012) from the 2011 Tohoku event. As they stated, these curves
have the advantage of providing four performance levels ranging from minor to
complete damage for both wooden and concrete/steel buildings. However, a
limitation of these fragility curves were that they are all based on the flow depth, and
fragility curves for velocity and momentum flux from the 2011 event are still in
development.

Another approach for the structural tsunami vulnerability issue comes from Peiris
(2006). He presents vulnerability functions developed for residential and non-
residential structures using the data available for the coastal areas of Sri Lanka and
describes how the functions should be applied within a tsunami loss estimation
calculation. Vulnerability functions have been developed for various types of
buildings commonly found in coastal areas, e.g. unreinforced masonry, confined
masonry, reinforced concrete with masonry infill, etc. The vulnerability functions
were found to be dependent on the tsunami inundation distance, water height and
estimated velocities of flow of water. In addition functions have been developed for
the determination of casualties using their relationship with the building damage data.
It is anticipated that the vulnerability functions developed here could be extended to
other elements under risk e.g. infrastructure, ports and other facilities, and the
methodology could be applied in other countries at risk from tsunami inundation,
such as those surrounding the Mediterranean and other parts of Europe.

Performance-based engineering (PBE) allows for a structure to be designed for
specified levels of performance under particular hazard scenarios. A possible
methodology for assessing response of structures in coastal environments vulnerable
to winds, storm surge, tsunamis, and earthquakes is presented in McCullough and
Kareem’s (2011) study. The three main steps of PBE include proper estimation of
the hazard(s), evaluation of the vulnerability of the structure to these hazard(s), and
accurate determination of the consequences of the hazard(s) at the system level (Tang
et al. 2008). They start with modelling the hazards present and continue with
determining the structural fragilities associated with the range of hazards and
intensities. Fragility curves are the result of the combination of the vulnerability of
the structure and the hazard loads and are typically assumed as a two-parameter
lognormal distribution function.

The damage functions correspond to different building ages, structural types, and
exposure categories. More detailed information about the methodology such as
system fragility and empirical or analytical fragility curves is provided in Shinozuka
et al. (2000) and Ellingwood (2005).
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Furthermore, Reese et al. (2007) studied the July 2006 Java tsunami in South Java.
The purpose of their work was to acquire data for calibration of models used to
estimate tsunami inundations, casualty rates and damage levels. Therefore, together
with the tsunami vulnerability of buildings, phenomena such as the vulnerability of
people and mortality risks were also analysed by the team of scientists from New
Zealand and Indonesia who undertook a reconnaissance mission to the South Java
area affected by the tsunami. They state that, despite various natural warning signs,
very few people were alerted to the impending tsunami. Hence, the death toll was
significant, with average death and injury rates both being about 10% of the people
exposed, for water depths of about 3 m tsunami. More recently there has been a
tendency to relate casualties to levels of damage. The detailed Java data enabled the
authors to analyse the data regarding a possible correlation between the death toll and
the number of houses destroyed. They state that there appeared to be a clear
correlation between the two parameters and gives it as a graph (Fig. 4.1) possibly
providing a way of estimating casualties when direct counts are not available.
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Fig. 5.1. Death rates as functions of building destruction. Source: (Reese et al., 2007)

Supprasi et al. (2013) used building and damage data of 2011 GEJE event and
developed fragility functions. The data set they used cover information on number of
stories per building, location (town), damage level and structural material such as
reinforced concrete, wood and steel. The results show that reinforced concrete and
steel buildings have a better resistant performance of over wood or masonry
buildings. Also, buildings taller than two stories were confirmed to be much stronger
than the buildings of one or two stories. Additionally, it is seen that at the same
tsunami inundation depth, buildings along ria coast were much greater damaged than
buildings from the plain coast. The difference in damage states can be explained by
the faster flow velocities in the ria coast at the same inundation depth (Figure 5.2)
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Fig. 5.2 Tsunami fragility curves using data from Ishinomaki city for a plain coast
(@) and ria coast (b) Source: (Suppasri et al., 2013)

5.3 Social — Ecological Vulnerability

Social and ecological vulnerability to disasters are influenced by build-up or erosion
of resilience both before and after disasters occur. Resilient social-ecological systems
incorporate diverse mechanisms for living with, and learning from, change and
unexpected shocks. Disaster management requires multilevel governance systems
that can enhance the capacity to cope with uncertainty and surprise by mobilizing
diverse sources of resilience. Coastal zones should be transformed into systems that
are more resilient and adaptive to a rising incidence of large disturbances

Adger et al. (2005) review two case studies as examples. The first is the 2004 Asian
tsunami, which shows that social-ecological resilience is an important determinant
of both the impacts of the tsunami and of the reorganization by communities after the
event. A key lesson is that resilient social-ecological systems reduced vulnerability
to the impacts of the tsunami and encouraged a rapid, positive response. Social
resilience, including institutions for collective action, robust governance systems,
and a diversity of livelihood choices are important assets for buffering the effects of
extreme natural hazards and promoting social reorganization. The 2004 Asian
tsunami tragedy demonstrates that formal and informal institutions with the capacity
to respond to rapid change in environmental and social conditions are a key to
mitigating the social effects of extreme natural hazards. The hidden success story of
the tsunami was the prevention of widespread secondary mortality of injured and
traumatized victims from infection and disease, due in large part to the unprecedented
scale of national and international responses (Adger et al., 2005).

Tsunami risk in U.S. coastal communities is a function of the extent of tsunami
hazards, land use types, population, and economic patterns in threatened areas. To
improve their Nation’s ability to understand and manage risks associated with
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tsunamis, they augment the traditional National Tsunami Hazard Mitigation Plan
(NTHMP) research focus on hazard assessments with research dedicated to
understanding societal vulnerability to these threats, defined as the exposure,
sensitivity and resilience of communities. To address these impacts, the US
Geological Survey initiated a project with several institutions. Results were
summarized by evacuation zone and by Census Designated Place (CDP). Once the
new evacuation maps are completed, the risk and vulnerability assessments can be
updated to reflect the risk to additional facilities, structures, and infrastructure in the
zone (State of Hawai‘i Multi-Hazard Mitigation Plan, 2010).

Going one step further takes us to the place of coastal ecosystems in vulnerability
issue or in other words, the ecological resilience to coastal disasters. Hard and Knight
(2009) presents a procedure for assessing the vulnerability of an open-coast dune
system to tsunami hazard. Geographic Information System (GIS)-based analyses of
Light Detection and Ranging (LIDAR) data are employed to classify a range of dune
topographies in terms of four tsunami inundation scenarios, along the coast of
Christchurch, New Zealand. Analysis reveals two key characteristics which together
define the tsunami vulnerability of a narrow vegetated dune system: (i) the elevation
or average height of the dune ridge and (ii) the continuity or standard deviation of
height of its long shore profile. A tsunami inundation vulnerability index is developed
to assist coastal managers in quickly assessing the relative vulnerability of sections
of dune, while simultaneously identifying the nature and location of weaknesses.
Relative to current field survey-based methods of determining tsunami inundation
risk, the GIS-based procedures and vulnerability index developed in the study offer
significant improvements in accuracy and efficiency at local to regional scales.

Kaplan et al. (2009) aimed to investigate the role of coastal vegetation in buffering
communities against tsunamis and to capture the elements of vulnerability of affected
communities in a tsunami-affected area in south-western Sri Lanka. The vulnerability
assessment was based on a comprehensive vulnerability framework and on the
Sustainable Livelihoods Framework in order to detect inherent vulnerabilities of
different livelihood groups. Their study resulted in the identification of fishery and
labour-led households as the most vulnerable groups. Unsurprisingly, analyses
showed that damages to houses and assets decreased quickly with increasing distance
from the sea. It could also be shown that the Maduganga inlet channelled the energy
of the waves, so that severe damages were observed at relatively large distances from
the sea. Some reports after the tsunami stated that mangroves and other coastal
vegetation protected the people living behind them.

Romer et al. (2010 and 2012) investigated impacts of the 2004 tsunami on coastal
ecosystem along the Andaman Sea coast of Thailand as well as the recovery in order
to assess ecological tsunami vulnerability and resilience. They first analysed
tsunami-induced damage of five different coastal forest ecosystems at the Phang-Nga
with a remote sensing driven approach based on multi-date IKONOS imagery. The
analysis (Romer et al., 2010) shows that mangroves were the worst damaged among
the five forests, followed by casuarina forest and coconut plantation. Then they tried
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to find out to what extent (in terms of percentage area and speed) the affected
ecosystems were capable of recovering after the tsunami. Field measurements and
multi-date IKONOS imagery were used to estimate the recovery and succession
patterns of coastal vegetation types in the Phang-Nga province of Thailand, three
years after the tsunami. Thus, this study contributes to a holistic understanding of the
ecological vulnerability of the coastal area to tsunamis (Romer et al., 2012).
According to the results, recovery processes vary based on the type of the ecosystem
and they are strongly influenced by human activities. Among the forest ecosystems,
recovery rates of casuarina forests were higher than for mangroves, but the recovery
area was smaller.

54 Summary of the Vulnerability Approaches

Although, there is no general agreement between different disciplines on the
definition of risk, tsunami risk is generally expressed as the product of hazard and
vulnerability (e.g. Rynn and Davidson, 1999) where as some scientists also use the
extended expression such as the product of hazard, vulnerability and economic value
(e.g. Papadopoulos and Dermentzopoulus, 1998), or simply hazard and consequences
or exposure (Clague et al. 2003). Vulnerability assessment as the second dimension
of risk assessment plays a crucial role in tsunami disaster reduction strategies. The
difference in the definition of risk has produced numerous methods to evaluate risks,
ranging from highly technical, statistical, quantitative assessments to simple,
qualitative assessments. The best assessments would combine these methods,
treating each hazard separately, as well as incorporating considerations for multiple
and cumulative hazards occurrences into the overall assessment framework and
methodology. Summary of some of the vulnerability assessments are provided in
Table 4.2.

Table 4.2. Summary of some vulnerability approaches. Some parts are adapted from:
Jelinek, and Krausmann. "Approaches to tsunami risk assessment.”" (2008).

Source/level of | Vulnerability, its indicators and
analysis elements at risk

Structural vulnerability: structural integrity and
basement stability

Lee (1979) Elements at risk includes coastal structures, e.g.
power plants, breakwaters, harbors, etc.
Consideration of public safety and protection of
property (e.g. of high risk standards such as

Pararas-Carayannis, communication centers, chemical factories, nuclear

(1988) power plants, and other important engineering

structures; important facilities, as hospitals, fire
stations or police services)

Inundation and evacuation maps as the
fundamental basis of local tsunami hazard planning
Population and infrastructure

NTHMP (1997) (USA,
local and regional level)
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Source/level of | Vulnerability, its indicators and
analysis elements at risk
Coastal vulnerability including the population
NSTC (2005) (USAI) infrastructure, lifelines, economic activities, level of
local preparedness
Sugimoto et al. (2003) | Map data, e.g. coastal lines, roads, buildings,
(local scale, Usa town, | évacuation places, population distribution etc.

Rynn and Davidson (1999)
(Australia, national level)

Vulnerability inventory: built environment (major
ports, harbors, fishing industry, offshore oil and gas
fields, industrial sites, residential communities,
infrastructure, tourist centers, future significant
developments, near-shore communities) and natural
environments (significant coastal geography, tourist
areas)

Map of vulnerable areas in qualitative terms as low,
medium and high vulnerability

Middelmann (2007)
(Australia, national level)

Vulnerability model to characterize nature and
magnitude of the damage from a wave of given
velocity

Structural vulnerability must be estimated based on
damage from past events or using an engineering
modeling approach (the loads on the structures)
Human vulnerability estimated from the structural
vulnerability, population density, the time of day of
the event, height and velocity of tsunami
Exposure database of the area of interest

Berryman (2006)
(New Zealand, national
level)

Upper and lower bound, i.e. maximum and minimum
inundation using DEM (10 m cell size) and ground
roughness (extracting land use data, 1:50,000)
Building asset model, values, floor areas and plan
areas; workplace and residential buildings; tsunami
forces and building strength
Population model for location of people
Death and injury model to asses casualties as a
portion of the population, tsunami casualties (death
and injury) rates versus water depth, Assumption of
no warning system, night-time scenario

Nadim and Glade (2006)
(Thailand, national level)

Focusing on loss of human life only

Risk of human life is dived into three groups: 1)
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Source/level of

analysis

Vulnerability, its indicators and

elements at risk

people who live in the exposed area permanently, 2)
tourists, and 3) locals who do not live in the exposed
areas but work there during tourist season.
Conditional probability: week-day, time of the day,
high/low tide, warning systems are considered

Cavalletti et al.
(Thailand, local
CRATER project

(2006)
level)

Vulnerability parameters included are population,
built  environment,  socioeconomic  aspects,
environment, combined vulnerability and its impact
elements (i.e. for buildings it is building material,
number of floors, etc.)
Thematic vulnerability maps as
socio-economic vulnerability map

such

Papadopoulus and
Dermentzopoulus (1998)
(Heraklion, Greece, local
level)

Elements at risk include: population, properties, road
network, important installations and life lines
Thematic maps of:
- Natural environment state
- Tsunami hazard impact potential on soil foundation
conditions

- Land use/cover types
- Tsunami wave surge impact force relative
magnitude characteristics on land
- Property damage potential

- Road network, life lines, important installations
- Distribution of socioeconomic and population

Papathoma and
Dominey-Howes  (2003)
(Gulf of Corinth, Greece,
local level)

Vulnerability of buildings, humans and the economy
is ranked using 7 weighting factors

Tinti et al. (2008)
(Sicily, regional level)

Vulnerability of people considers people in
residential houses, industrial, commercial buildings,
public structures (e.g. schools, universities and
hospitals)

Dunbar and  Weaver

(2008)

Exposure and vulnerability —assessment by
identifying who and what is actually exposed to
tsunami inundation and run-up

Structural design, material, condition of structure,
and distance from shoreline for physical structures;
Age, gender, education, mobility, and physical health
for people
People and structures exposed to tsunami inundation
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Source/level of

analysis

Vulnerability, its indicators and

elements at risk

Post et al. (2007)

Vulnerability and coastal risk towards tsunami
threats for the socio-economic and physical
dimensions

Who and What is vulnerable: socio-economic
spheres (“who” including social groups and
institutions) linked with the physical-natural spheres
(“what” in a sense of e.g. built environment, critical
infrastructures, economic sectors).

Birkmann (2006)

BBC-Framework of vulnerability assessment
(social, economic, environmental dimensions)
Exposed and susceptible elements on one hand, and
the coping capacities of the affected entities (for
example social groups) on the other
The population exposed (different social groups),
basic infrastructure services and physical structures
within coastal communities

Strunz et al., (2011)

Vulnerability Assessment based on exposure
estimation (using in-situ assessment and remote
sensing) and assessment of response capabilities and
preparedness

Geometrical and  structural  parameters  of
representative buildings & Warning dissemination,
anticipated response, evacuation parameters for
people Buildings and community

McCullough and Kareem
(2011)

Performance-Based Engineering, Vulnerability of
the structure to hazards
Fraqility curves: Building ages, structural types, and
exposure categories

Ismail et al. (2012)

Vulnerability of the physical characteristics of the
coastal area(in Malaysia)
Tsunami Impact Classification Maps, Tsunami
Physical Vulnerability Index (PVI) maps, Structural
(SVI) maps

Dall’Osso and Dominey-
Howes (2009)

GIS tool to assess the vulnerability of coastal
infrastructure to tsunami (spatial distribution of
vulnerable structures)

NOAA CSC, USGS Wood
et al., (2002)

A GIS-based vulnerability assessment methodology
Using GIS and field surveys to identify the exposure
of port and harbor infrastructure, facilities

Peiris (2006)

Vulnerability functions for residential and non-
residential structures
Vulnerability functions dependent on: Tsunami
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Source/level of

analysis

Vulnerability, its indicators and

elements at risk

inundation distance, water height and estimated
velocities of flow of water

Sinaga et al. (2010) (Local
level)

GIS mapping methodology for tsunami vulnerability
assessment (a case study of the Jembrana Regency in
Bali, Indonesia)
Indicators: Topographic elevation and slope,
topographic relation to tsunami direction, coastal
proximity, and coastal shape

Kameda (2011) (local GIS mapping methodology  (Miyagi, Japan)

level) Variables: Elevation, slope, tsunami direction and
coastal proximity

Mastronuzzi and Sanso | Tsunami vulnerability in the Apulia Region, Italy:

(2006) (local level)

Vulnerability of different type of coasts

Bernard et al., 2007
(New Zealand, local level)

Probabilistic tsunami hazard assessment: relations
between water velocity and structural damage

Jelinek et al. (2009)

Physical vulnerability and risk for the City of
Alexandria, Egypt using very high resolution satellite

(local level) remote _ sen_sin_g data
Indicators: Elevation, building type, number of
floors and shoreline distance

Adger et al. (2005) | Social-ecological resilience (Case study: 2004 Asian

(local level) Tsunami)

Tsunami risk in U.S. coastal communities

U.S. NTHMP (2010) | Functions: Extent of tsunami hazards, land use types,

(National Level)

population, and economic patterns in threatened
areas

Wood and Gregg (n.d.)

Vulnerability of Human-Environmental Systems
Handles vulnerability in a framework of a
combination of physical, social, economic,

ecological, and political components

Hard and Kbnight (2009)
(local level)

Vulnerability of an open-coast dune system to
tsunami__hazard (GIS-based analyses of Light
Detection and Ranging (LIDAR) data)
Indicators to vulnerability of a narrow vegetated
dune system: (i) the elevation or average height of the
dune ridge and (ii) the continuity or standard
deviation of height of its longshore profile
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Source/level of | Vulnerability, its indicators and
analysis elements at risk

Investigation of the role of coastal vegetation against
tsunamis and to capture the elements of vulnerability
of affected communities in a tsunami-affected area in
Kaplan et al. (2009) southwestern Sri Lanka
Sustainable Livelihoods Framework in order to
detect inherent vulnerabilities of different livelihood

groups

GIS-Based Structural Building Vulnerability and
NGI (Norwegian | mortality risk
Geotechnical Institute) Vulnerability Criteria: number of floors, barriers in

place, material, use

Many of these vulnerability assessments start with determining the inundation area
and depth calculated by the numerical models. Vulnerability of an area is usually
considered as a combination of both physical and social characteristics including the
structures such as buildings and infrastructure. Many of the vulnerability models are
developed to understand the extent of structural damage (buildings specifically) as
well as the number of people affected by the tsunami. There are models which include
other aspects of vulnerability such as ecological vulnerability considering the
ecosystem of the area as well as the possible impacts on economy and political
components of the region however these types of models require higher integration
of different parameters and they are not common in the literature. As more
parameters defining vulnerability is included in the models, weighing methods have
been applied. However, in general, the weights are either expert or available data
dependent which increases the uncertainty of the overall results as well as affecting
the applicability of the model to different regions negatively.

Most the vulnerability assessments require a tsunami event either as the most recent
or the most devastating historical event or possible scenarios provided by the
researchers to determine the inundation area. Additionally, probabilistic approach
has started to gain attention to determine the input tsunami event to predict the
possible risk of a region. On the contrary, some vulnerability assessment approaches
use predetermined inundation heights considering the topography of the region.

Almost all of the vulnerability assessment models use GIS environment and the
reliability of the results requires high resolution data as well as accurate
representation of the tsunami event. This requires an assessment of the people,
homes, commerce, industry, natural resources, etc., that are in the tsunami inundation
zones for a given event. However, exposure does not equal vulnerability—the
susceptibility to harm or damage during tsunami inundation. The vulnerability of a
physical structure would be influenced by factors such as structural design, material,
condition of structure, and distance from shoreline whereas the factors that would
control the vulnerability of a person would include age, gender, education, mobility,
and physical health. Thus, the amount of data required for a complete assessment of
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vulnerability would also require GIS data of the mentioned parameters. This could
be a major limitation in application of some the models as GIS based data is not
available at every location and with the required resolutions.

Most of the predicted vulnerability or the damage is associated with inundation depth

although recent research has shown that velocity and fluxes associated with the
inundation could be more significant for accurate predictions. Tsunami fragility
curves drawn to represent relationship between the damage level and inundation have
been widely used in the literature however the classification of the damage levels are
still subjective as they are based on the field assessments. Additionally, the
classification of damage levels is not universal as different definitions are used by
different research groups at different events.

Since many of the vulnerability assessments are part of the risk studies which are
used as part of early warning systems or community based mitigation strategies, the
results have to be reliable and easily utilized by the decision makers. For the 2011
tsunami, many of the assessments underestimated both the structural damage and the
population at risk. Although this underestimation is believed to be due to an
underestimation of the magnitude of the hazards involved, still as the uncertainties
related to the methodology of vulnerability assessments including fragility concept
decrease, the reliability and the performance of the non-structural mitigation
strategies would increase significantly. Thus, working towards common approaches
in determining the vulnerability and risk should be an objective of the scientific
community.

6 Summary and Concluding Remarks

This deliverable has been prepared to summarize and identify the gaps of existing
numerical modelling tools, failure mechanisms of coastal structures exposed to
tsunamis as well as vulnerability assessment methods.

The number of numerical models developed is significant. Some of these models
focus on the tsunami generation, propagation and inundation (eg. TUNAMI,
NAMIDANCE, MOST). Some of them are developed for a wider range of
applications such as nearshore wave processes, advection-dispersion or sediment
transport that can be used for tsunami modelling (eg. BOSZ, MIKE21, etc). Different
equations such as shallow water, Navier-Stokes and Bousinessq equations are solved
with a variety of numerical schemes. Each of these solutions requires a set of
assumptions that could affect the performance of the models. Structured,
unstructured and nested meshes are the most common types of meshes/grids in the
models. The type of grid used by the model can determine the accuracy of
representing the bathymetry/topography, the accuracy of the inundation, as well as
the computation duration. Nested meshes have become widely used in the recent
years, as different resolutions could be used in the model that can decrease the
computation time. Almost all of the numerical models have the capability of
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modelling earthquake generated tsunamis. Some of the tools can model landslide
generated tsunamis and only a few of them consider other tsunami generation
mechanisms. The numerical tools have been applied to several different tsunami
events around the world. Especially, after the 2004 and 2011 events, more attention
has been paid to the accuracy of inundation modelling including the velocity and
fluxes considering different roughness patterns, which turned out to be very
important.

The assessment of the impact of tsunami on structures requires the calculation of
tsunami forces, even though many building codes do not generally consider tsunami
loading. However, a significant amount of damage has been observed during the
2011 Great East Japan Earthquake (GEJE) tsunami which put an emphasis on proper
planning of buildings under tsunami flow. Forces associated with tsunami consist of:
(1) hydrostatic force, (2) hydrodynamic (drag) force, (3) buoyant force, (4) surge
force and (5) impact of debris. To model the tsunami forces, three parameters are
essential: (1) inundation depth, (2) flow velocity, and (3) flow direction. The
proposed formulas to calculate the forces mostly depend on accurate prediction of
tsunami velocity and flux. Tsunami velocity at different locations under inundation
is one of the topics that has to be further studied to increase the force calculations in
the design of structures. The proposed formulas all have empirical coefficients thus
there is a range of values for numerical prediction of tsunami velocity. One can either
use conservative values — or work with range which actually gives 100% difference
in terms of velocities. Additionally, the effects of run-up, backwash and direction of
velocity are not addressed in current design codes.Thus it is important to have more
experimental data on the forces generated by tsunamis acting on various types of
structures. A failure modes matrix showing failure mechanisms of different land
structures such as reinforced concrete and steel buildings, walls, columns, wooden
structures according to tsunami impact pressure or the standing tsunami pressure is
presented in the report. Debris impact is commonly observed in wooden structures
and buildings whereas overturning, bending and punching shear failure and 1% story
collapse are the other failure modes seen under impulsive tsunami loading. In case
of standing tsunami pressure, scour and rebar fracture are the most common ones and
overturning, rebar yielding and wash-away due to sustained force are the other
present forms of failure. The analysis shows that the static and dynamic effects of
debris on structures is significant in addition to tsunami pressure which requires
further study to understand the exact effects on the overall damage. Also, the design
approaches against erosion around concrete structures should be improved and
extended since it occurs in most of the cases.

Considering tsunami loads on coastal structures such as breakwaters, the available
design codes do not integrate tsunami loads explicitly. Thus the performance of these
structures is assessed in the field as in the case of 2011 tsunami. The main function
of coastal structures against tsunamis is to prevent overflow. Thus most of the time
the design consideration is based on historical events or model results from possible
tsunami scenarios. However, tsunami loads can cause damage on the structure (eg
slope instability) and in return initiate overtopping during later stages due to long
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duration of tsunami waves. Additionally, once overflow occurs, other types of failure
modes can be seen such as scouring which further increases the damage. Design
codes for coastal structures such as breakwaters are focused on wind waves and storm
surges since the tsunami events does not occur frequently. Since experiments on the
performance of coastal structures under tsunami loading and overflow have gained
attention recently, most of the information on failure modes are based on the
observations and field surveys of the latest tsunami events. Using this information, a
failure mode matrix of coastal structures has been prepared. Water level differences
across the structure and wave impact on the structure are the two main processes that
initiate the failure. Many of the structures given in the table describe the types of
structures located in Japan considering the vast amount of information collected after
the 2011 GEJE tsunami. Functional failure of the structures (overflow) initiates
several of the failure modes consecutively to generate the final damage observed.
However, the exact sequence of the failure modes for many of the failures require
more experiments and/or real time observations to accurately understand the overall
damage caused by tsunami. A fault tree analysis could provide useful insight into the
exact sequence and the impact of individual failure modes on the total damage. Thus
this could be an important future work that needs to be considered. Additionally, not
all the failure modes presented in the matrix have been observed for every type of
the structure. This could either mean that that particular type of failure is not possible
or the failure mode requires more research in order to reach a conclusive outcome.
Most of the missing information is about performance of rubble mound breakwaters
since they are not common in Japan. Additionally, failure modes due to wave impact
have not been investigated much in the literature. Another important outcome of the
failure matrix is that soil conditions and soil-structure interaction is very important
in the case of overflow. Much of the observed failures were based on scouring on
either side of the structures occurred during the tsunami event. Additionally, some of
the failures were due to the tsunami drawdown (outflow) which was not considered
in the design of these structures before 2011 observations.

Vulnerability assessment as the second dimension of risk assessment plays a crucial
role in tsunami disaster reduction. Some of the vulnerability assessment methods
have been provided as examples throughout the report. Many of these vulnerability
assessments start with determining the inundation area and depth calculated by
numerical models in order to understand the extent of structural damage (buildings
specifically) as well as the number of people affected by the tsunami. There are
models which also include other aspects of vulnerability such as ecological or
environmental impacts, impacts on the economy, social or political aspects
influencing the vulnerability of a region, which are aspects not depending on water
depths alone. If more parameters defining vulnerability are included in the models,
for example in terms of indicators, weighing methods have been applied to quantify
vulnerability. However, in general, the weights are either gained by expert judgement
or depending on available data, which increases the uncertainty of the overall results.
Moreover, this affects the applicability of the models to different regions negatively.
Most vulnerability assessments use historical tsunami events or possible scenarios to
determine the inundation area. Additionally, probabilistic approaches have been used
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to determine the input tsunami event to predict the possible risk of a region. Almost
all of the vulnerability assessment models use GIS and the reliability of the results
depends on the resolution of data as well as the accurate representation of the tsunami
event. Most of the predicted vulnerability or the damage is associated with inundation
depth although recent research has shown that velocity and fluxes associated with the
inundation could be more significant for accurate predictions. Tsunami fragility
curves drawn to represent the relationship between the damage level and the
inundation have been widely used in the literature. Fragility curves gained from field
surveys after real events are useful sources to understand and map tsunami damage.
However, the classification of the damage levels is still subjective as it is based on
the field assessments. Additionally, the classification of damage levels is not
universal as different definitions are used by different research groups at different
events. Many of the vulnerability assessments are part of the mitigation studies.
However, for the 2011 tsunami many of the assessments underestimated both the
structural damage and the population at risk. Although this underestimation is
believed to be due to an underestimation of the magnitude of the hazards involved,
the uncertainties related to the methodologies of vulnerability assessment including
the fragility concept also influenced the reliability of the results. Working towards
common approaches in determining the vulnerability and risk as well as key
definitions used in the assessments should be an objective of the scientific
community.

Considering the information collected and the results derived from this deliverable,
the following studies are suggested for further progress:

e Enhance numerical models such as NAMI-DANCE focusing on the
modelling of tsunami parameters in high resolution geometries (e.g. urban
areas), see RAPSODI Deliverable 5 (METU 2015a) and Deliverable 6
(METU 2015b).

e Through experiments, fill the information gap on tsunami impact on rubble
mound breakwaters (with and without crown wall) focusing on wave loading
and the respective failure modes on different slopes and type of wave
generation (solitary, bore), see RAPSODI Deliverable 7 (TU-BS 2015).

e Enhance the vulnerability assessment model developed by NGI by integrating
building fragility curves and socio-economic, environmental, and physical
information collected after the 2011 tsunami in the model in Deliverable 8
(NGI 2015). First steps are presented in RAPSODI Deliverable 8.
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