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ABSTRACT

The main objective of this study was to investigate and quantify the impact of extreme
hydrodynamic forces, similar to those generated by tsunami-induced inundation, on
structural elements. As part of a comprehensive experimental program and analytical
study, pressures, base shear forces, and base overturning moments generated by
hydraulic bores on structural models of various shapes were studied. In addition, the
impact force induced by waterborne wooden debris of different shapes and masses on
the structural models was also investigated. Two structural models, one with circular
and the other with square cross-section, were installed individually downstream of a
dam-break wave in a high-discharge flume. Three impounding water heights (550, 850
and 1150 mm) were used to produce dam-break waves, which have been shown to be
analogous to tsunami-induced coastal inundation in the form of highly turbulent
hydraulic bores. Time-history responses of the structural models were recorded,
including: pressures, base shear forces, base overturning moments, lateral
displacements, and accelerations. In addition, the flow depth-time histories were
recorded at various locations along the length of the flume. Regular and high-speed
video cameras were used to monitor the bore-structure interaction. The effect of initial
flume bed condition (“wet” or “dry” bed) on the forces and pressures exerted on the
structural models were also investigated. Moreover, the vertical distribution of pressure
around the models was captured. Simple low-height walls with various geometries were

installed upstream from the structural models to investigate their efficiency as tsunami



mitigation measures. The experimentally recorded data were compared with those
estimated from currently available formulations.

The results and analysis of the simulated tsunami-induced bore presented in this
study will be of significant use to better estimate forces exerted on structures by
tsunami-induced turbulent bores. It is expected that this work will contribute to the new
ASCE7 Chapter 6 - Tsunami Loads and Effects in which two of this author’s academic

supervisors, Drs. loan Nistor and Dan Palermo, are members.
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H; Wave height at the shoreline or the toe of a beach [m]
h Bottom boundary elevation from a reference datum [m]
h,, Water bore height [m]
hy Inundation depths at the front of a rectangular building [m]
h, Inundation depths at the rear of a rectangular building [m]
k Effective combined stiffness of the debris and the impacted

structural element [N.m"]
k Constant with value of 0.06 [ND]
k Effective contact stiffness of debris impact [N.m™"]
L Debris length [m]
Ly Length at the model scale [m]
Lp Length at the prototype scale [m]
Lp Geometric similarity ratio [ND]
M Mass [ke]
my Debris mass [ke]
n Manning’s coefficient [ND]
Pm Maximum tsunami-wave pressure [Pa]
R Tsunami inundation depth [m]
R, The hydraulic radius [ND]
Ryox Maximum tsunami inundation depth [m]
t Time [s]
u Depth-average horizontal velocity in x-direction [m/s]
Upmax Maximum horizontal velocity of the bore flow [m/s]
up Normal component of velocity against a wall model [m/s]
U Tsunami bore velocity at the shoreline [m/s]
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u, Vertical velocity of the bore flow [m/s]

V Volume of water displaced by the structure [m’]
X Horizontal axis along the flow direction [m]
y Horizontal axis transverse to the flow direction [m]
z Vertical axis [m]
Greek symbols
o Impact coefficient equal to 1.36 [ND]
At Debris impact duration [s]
Ax Stopping distance of the debris in (m), distance that debris travels

from point of contact with the structure until debris fully stopped [m]
Yw Specific weight of water [N.m’]
A Similarity variable [ND]
A Value of 4 at the wall [ND]
] Water surface [m]
Mmax Maximum inundation depth [m]
P Water density [kg. m™]
Ps Seawater density, including entrained sediment load [kg. m™]
of Yield stress of wood [Pa]
o Orientation angle of the debris [degree]
0, Bed slope [degree]
P Debris impact angle (angle between the impact point on the model

surface and the flume centerline) [degree]
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LIST OF ABBREVIATIONS

Abbreviation

Explanation of abbreviation

850 NW_SQ OR

850 NW_SQ 90R

10W45-1D

15W90-3D

10WAR-1D

2kglP

2kg2P

6DOF
ASCE
CCH
CCM
CHC
EERI
FEMA
FFT
IHS
IRS
1QS
LVDT

Test with 850 mm impoundment depth, no mitigation wall, square
structural model, 0° rotation angle (pressure measured on the
upstream face of the model)

Same as above, 90° rotation angle (pressure measured on the side face
of the model)

100 mm height, 45°-inclined mitigation wall installed at 1D (305 mm)
upstream from the structural model

150 mm height, 90° (vertical) mitigation wall installed at 3D (915
mm) upstream from the structural model

100 mm curved mitigation wall installed at 1D (305 mm) upstream
from the model

Wooden debris of two kilograms with dimensions of 76.2 x 76.2 x
916 mm

Wooden debris of two kilograms with dimensions of 76.2 x 152.4 x
490 mm

Six-degree of freedom load cell

American Society of Civil Engineers.

City and County of Honolulu

Coastal Construction Manual

Canadian Hydraulic Centre

Earthquake Engineering Research Institute

Federal Emergency Management Agency

Fast Fourier Transform

Hydrostatic pressure distribution at the impulsive flow state
Hydrostatic pressure distribution at the run-up flow state

Hydrostatic pressure distribution at the quasi-steady flow state

Linear Variable Distance Transformer
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NRC
OCRE
PT
RMS
SMBTR

WG1,2..

National Research Council of Canada

Ocean, Coastal and River Engineering

Pressure Transducers

Risk Management Solutions

Structural Method of Design Buildings for Tsunami Resistant

Water level gauge No. 1, 2...
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DEFINITIONS

The following are definitions of significant terms which appear in this thesis. The
terminologies are consistent with ASCE-7 (2010), FEMA P646 (2012), and the Coastal
Construction Manual (FEMA, 2005).

Bathymetry: Underwater configuration of a bottom surface of an ocean, estuary, or lake.

Bore: A long, broken wave propagating into a quiescent body of water, with an abrupt

increase in water depth at its front face covered with turbulent, tumbling water.

Bore Height: The height of a broken tsunami surge above the water level in front of the

bore or grade elevation if the bore arrives on nominally dry land.

Building Codes: Regulations adopted by local governments that establish standards for

construction, modification, and repair of buildings and other structures.
Celerity: The velocity of the tsunami wave form, equal to wavelength divided by period.

Channelized Scour: Scour that results from broad flow that is diverted to a focused area

such as return flow in a pre-existing stream channel or alongside a seawall.

Closure Ratio: (of Inundated Projected Area): Ratio of the area of enclosure, not including
glazing and openings that are inundated, to the total projected vertical plane area of the

inundated enclosure surface exposed to flow.

Collapse Prevention Structural Performance: The post-event damage state in which a
structure has damaged components and continues to support gravity loads but retains little or
no margin against collapse. Structural component acceptability criteria are given in ASCE

41.

Critical Facility: Buildings and structures that provide services that are determined by local
governments to be essential for the continued functioning of a community, such as facilities
for power, fuel, water, and communications, public health, major transportation

infrastructure, and essential government operations.

Deadweight Tonnage: Deadweight Tonnage (DWT) is the vessel's Displacement Tonnage
(DT) minus its Lightship Weight (LWT). A classification used for the carrying capacity of a
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vessel that is the sum of the weights of cargo, fuel, fresh water, ballast water, provisions,

passengers, and crew. It does not include the weight of the vessel itself.
Debris: Solid objects or masses carried by or floating on the surface of moving water.
Debris impact loads: Loads imposed on a structure by the impact of waterborne debris.

Design Basis Tsunami Parameters: The tsunami parameters used for design, consisting of
the inundation depths and flow velocities at the stages of inflow and outflow most critical to

the structure.

Displacement Tonnage: The total weight of a fully loaded vessel.
Froude Number: Fr = u/,/(gh): Used to quantify the normalized tsunami flow velocity.

Grade Plane: A horizontal reference plane representing the average of finished ground level
adjoining the structure at all exterior walls. Where the finished ground level slopes away
from the exterior walls, the grade plane is established by the lowest points within the area
between the structure and the property line or, where the property line is more than 6 ft (1.83

m) from the structure, between the structure and points 6 ft (1.83 m) from the structure.

Hydraulic Radius: The measure of channel flow efficiency; it is the ratio of the cross-

sectional area of the flow to its wetted perimeter.

Hydrodynamic Loads: Loads imposed on an object, such as a building, by water flowing
against and around it. Among these loads are positive frontal pressure against the structure,

drag effect along the sides, and negative pressure on the downstream side.

Hydrostatic Loads: Loads imposed on a surface, such as a wall or floor slab, by a standing
mass of water. The water pressure increases linearly with the water depth; hence, the

hydrostatic loads increase with the square of the water depth.

Impact Loads: Loads that result from debris or other object transported by the tsunami and

striking a structure or portion thereof.

Inundation Depth: The depth of design tsunami water level with respect to the grade plane

at the structure.
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Momentum Flux: The quantity p;hu? for a unit width based on the depth-averaged flow
speed over the flow depth h, for equivalent fluid density ps having the units of force per unit

width.

Reynolds Number: The ratio of the inertial forces to viscous forces and usually used to

determine dynamic similitude.

Sea Wall: Solid barricade built at the water’s edge to protect the shore and to prevent inland

flooding.

Shoaling: The increase in wave height caused by the decrease in water depth as a wave

travels into shallower water.

Soliton Fission: Short period waves generated on the front edge of a tsunami waveform
under conditions of shoaling on a long and gentle seabed slope, or having abrupt seabed

discontinuities such as fringing reefs.

Storm Surge: Rise in the water surface above normal water level on an open coast due to

the action of wind stress and atmospheric pressure on the water surface.
Surge: Rapidly rising water level resulting in horizontal flow inland.

Topography: Configuration of a terrain, including its relief and the position of its natural

and man-made features.

Tsunami: A series of waves with variable long periods, mostly resulting from earthquake
induced uplift or subsidence of the sea floor. Other causes include large landslides near the

coast or underwater, and undersea volcanic eruptions.

Tsunami Bore: Broken wave generated on the steep front edge of a long period tsunami
waveform when shoaling over mild seabed slopes or abrupt seabed discontinuities such as

fringing reefs.

Tsunami Inundation Elevation: The elevation, measured from sea level, at the location of

the maximum tsunami penetration.

Tsunami Prone Region: The region where a quantified probability in the recognized
literature of tsunami inundation hazard due to tsunamigenic earthquakes in accordance with

the Probabilistic Tsunami Hazard Analysis.
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Tsunami Vertical Evacuation Refuge: A structure designated to serve as a point of refuge

to which a community’s population can evacuate above a tsunami when high ground is not

available.

Waterborne Debris: Any object transported by tsunami waves (e.g., driftwood, small boats,

shipping containers, automobiles, etc...).
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CHAPTER

NTRODUCTION
AND SCOPE

1.1 Introduction and Motivation

Near-shore infrastructure located in coastal flooding- or tsunami-prone areas is vulnerable to
extreme hydrodynamic loading due to surging seawater that propagates inland. Such coastal
surges may arise due to storms, hurricanes, or tsunamis. Recent tsunami events (2004 Indian
Ocean Tsunami, 2010 Chile Tsunami, and 2011 Tohoku, Japan Tsunami) caused widespread
damage resulting in unprecedented human and economic losses which overwhelmed the
capacity of many countries, such that international aid was necessary in the recovery and
reconstruction process (particularly for the 2004 and 201Itsunami events). Many
international, interdisciplinary research teams conducted post-tsunami reconnaissance visits
to the damaged regions to investigate and understand the effects of tsunamis on
infrastructure and communities [Ghobarah et al. (2006); and Earthquake Engineering
Research Institute, EERI (2011)]. The coastal engineering reports that followed these
reconnaissance trips highlighted four main themes: (1) spatial extent of the coastal flooding
was significant for large tsunami events; (2) damaged structures were exposed to extreme
hydrodynamic and debris impact forces for which they were not designed; (3) failure modes
of the structures were associated with different force components and demonstrated the

complexity of the tsunami bore/surge-structure interaction; and (4) well-engineered



buildings survived the tsunami event with only non-structural damage. However, to date,
there is no mandatory engineering code/standard that provides explicit guidance on
estimating tsunami forces to enable engineers to design tsunami-resilient structures.
Therefore, to address this lack of information, experimental testing of tsunami-like hydraulic
bores impacting structural models is the first step to better understand the tsunami bore
behaviour, bore-structure interaction and structural response. Such comprehensive
experimental testing would provide data necessary to develop tsunami-resistant engineering

guidelines, which will help reduce structural damage and subsequent loss of lives.

Observations from past tsunami events demonstrated that certain types of
construction are susceptible to damage due to the high flow velocity of the water. However,
there is evidence that properly engineered structural systems can survive tsunami inundation
and serve as evacuation shelters. This has led researchers and engineers to propose and

verify tsunami loading formulas to be used in the structural design process.

Over the past decade, flooding of residential and industrialized communities from
various sources (tsunamis, storms, riverine floods, etc.) became one of the more significant
hazards with tremendous impact on human lives and economic activity. Particularly,
tsunami events demonstrated that communities located in coastal regions that lie close to
seismically active subduction zones are at high risk. The most recent disaster report
published by the US Disaster Center (Guha-Sapir 2011) indicated that the first six months
(1** semester) of 2011 was witness to devastating impacts on human communities as a result
of natural disasters. Table 1.1 provides a comparison of the number of disasters and the
losses during this period, with corresponding averages from years 2001-2010. Figure 1.1
displays the percentage of natural disasters and the number of people affected by disaster
type during the first six months of 2011. The percentage of deceased due to flood was 90.5%
(86% of those were due to tsunami). The significant human loss highlights the need for
designing and building flood-resilient structures. Moreover, the fourth most deadly and the
most costly disaster in human history were due to the 2004 Indian Ocean Tsunami and the
2011 Tohoku Tsunami, respectively. The report cited that four of the ten largest disasters by
number of people killed and five of the ten most costly disasters that occurred during the

first six months of 2011 were caused by flood. These numbers reflect the threat posed by



floods in general and for tsunamis in particular: unlike floods which can often be forecasted

in advance, the occurrence of tsunamis is unpredictable.

Table 1.1 Global statistics of disasters during 2001-2011 (Guha-Sapir, 2011)

Attribute 2011 1* semester | 2001-2010 1* semester (average)
No. of disasters 108 164

No. of people killed 23,638 52,579

No. of people affected 43,784,902 73,685,153
Economic damages (million $US) 253,230 35,356

Occurrence No. Total Affected

M Drought B Earthquake ™ Extreme temperature B Flood B Mass Mov. Wet B Storm B Volcano  Wildfire

Figure 1.1 Percentage of natural disasters by type and percentage of people affected by
disaster type during the 1% semester of 2011 (Guha-Sapir 2011)

The strategy to mitigate tsunami hazard in the past mostly focused on vertical and
horizontal evacuation. However, while evacuation saves lives, it does not address
deficiencies in resistance of structures to such loading; therefore, this study evolved to
address the current lack of knowledge in structural design against tsunami loading and to

investigate existing tsunami load formulas.

According to the U.S. Geological Survey, more than 227, 000 lives were lost due to
the 2004 Indian Ocean Tsunami, Tsunamis and Earthquakes (2004). In spite of being a low-

probability, high-consequence event, an analogous disaster could happen elsewhere,
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specifically in the Pacific Ocean, the Caribbean Sea, or the Mediterranean Sea. There is
usually a short lead time preceding the arrival of the first tsunami wave; this ranges from
minutes for near-shore sources to hours in the case of distant sources. Given that mega-
tsunamis are rare events, and since early warning is possible for the case of the Pacific
Ocean region, evacuation has been, for decades, the primary mitigation strategy. Therefore,
most research has concentrated on the advancement of efficiency of tsunami generation,
propagation and coastal flooding, on the development of efficient warning systems, tsunami-
flood maps, and on tsunami awareness and training. From the perspective of saving lives,
this approach can only be effective if evacuation to higher ground is available and feasible.
However, this approach does not address the potentially major damage to critical coastal
infrastructure, such as buildings, bridges, oil and liquefied natural gas (LNG) storage
facilities, power plants, and harbours: failure to such infrastructure creates significant
economic and collateral damage. The proliferation of construction of critical infrastructure
in coastal zones has, in turn, required a more advanced understanding of design procedures
for building structures that are tsunami-resistant. In low-elevation coastal pits or flat zones,
evacuating people to higher ground may not be possible. “In these situations, the only
feasible way to minimize human casualties is to evacuate people to the upper floors of
tsunami-resistant buildings”, as stated by Yeh and Shuto (2009). In the case of near-source
events, these buildings need to be designed and constructed to survive both strong

earthquakes and ensuing tsunamis.

1.2 Research Objectives

The onshore run-up behaviour of tsunami waves is a challenging hydrodynamic problem.
Flow motion near the run-up front is characterized by strong nonlinearity. Near-shore
tsunami waves break resulting in a turbulent and intrinsically three-dimensional flow. The
effects of bottom friction along the shoreline are very important particularly when the flow
depth is relatively small near the wave front. Therefore, the flow dynamics of the run-up
process are complex and many aspects are still not well understood. Nevertheless, an
accurate method for estimating run-up motion is crucial for the prediction of the forces

induced on structures exposed to the effects of tsunamis and storm surges.



Past studies in this field focused on small-scale tests and/or on a specific structural

element (e.g. walls). In those tests, the structural models blocked the bore flow which is not

representative of actual tsunami-structure interaction. Tsunami waves will impact a structure

and then flow around it. Thus, the hydraulic bore-structure interaction is more complex than

what is demonstrated through testing of walls with widths extending across the full width of

the test facility. Moreover, surface tension effects are important in the bore run-up front

dynamics for past small-scale experimental studies.

Based on the above, this study aimed to investigate the following overarching areas of

tsunami-induced forces on near-shore structures and tsunami mitigation measures:

1.

2.

Improve the understanding of tsunami-induced hydraulic bores propagating onshore,

and study the relation between the maximum inundation depth and the bore velocity.

Understand the tsunami-induced bore-structure interaction mechanisms and the
effect of the velocities and pressures of simulated hydraulic bores on the
hydrodynamic loading induced on structural models. The following aspects were

investigated as part of this objective:

a. The correlation between the bore-induced force- and the bore depth-time

histories;

b. The effect of initial field-bed condition (wet or dry) on the magnitude of the

exerted forces; and

c. The assessment of tsunami bore-induced force formulae available in recent

engineering guidelines.

Investigate impact forces due to waterborne debris on a structural model, and
investigate the effects of mass, size, angle of impact and geometry of debris on the
magnitude of the force. Furthermore, assess currently available debris impact force

formulae.

Propose simple structural elements (walls) to be used as tsunami mitigation
measures. Additionally, investigate the effects of different configurations of those

elements, including: height, shape (cross-section), and location relative to the



structure to optimize their function in reducing the bore-induced forces on the

structural models.

To achieve the objectives, the following research has been completed and presented in this

thesis:

1.3

Selection and set up of instrumentation for the two structural models to record:
pressures, base shear forces, base overturning moments, lateral displacements, and

accelerations.

Comprehensive experimental testing of two structural models subjected to hydraulic

bores.

Investigation of various test parameters (e.g. impoundment depth, initial flume bed
condition, and effect of floating debris) on two structural models with different

cross-sections (square and cylinder) subjected to hydraulic bores.

Utilization of high-speed digital camera (up to 10 000 frames per second) and two
regular digital video cameras to capture the hydrodynamics of the bore and the bore-

structure interaction, and to capture debris impact on the structural models.

Investigation of the effects of low-height structural elements placed in different
configurations upstream of the structural models on pressures, base shear forces,
base overturning moments, lateral displacements, and accelerations experienced by

the two structural models.

Comparison of the base lateral shear forces from state-of-the-art tsunami guidelines
(FEMA P-646, 2008 and 2012) with the experimental forces recorded during this
study.

Scope of Research

Videos from the 2004 Indian Ocean and 2011 Tohoku tsunamis illustrated that the tsunami

waves broke offshore and advanced inland as hydraulic bores. Chanson (2005 and 2006)

discussed the analogy of tsunami-induced bores with those generated by dam-break events.

Tsunami bores propagate onshore with considerable depths and high velocities leading to

massive damage to near-shore infrastructure. Post-tsunami reconnaissance trips [Chock et al.

6



2012, EERI 2011, Guha-Sapir 2011, Palermo et al. 2011, Lukkunaprasit and
Ruangrassamee 2008, Nistor et al. 2006, RMS 2006, and Nistor et al. 2005] reported
structural failures due to bore-structure interaction and due to the impact of waterborne
debris. In this research study, a dam-break technique is employed to generate simulated
tsunami hydraulic bores to investigate their characteristics and the bore-structure interaction.
As the tsunami bore advances towards the shore, its velocity decreases due to bottom
friction, local bathymetry and interaction with potential obstacles. To study the relation
between bore depth and bore velocity with bore-induced forces, three different impounding
water levels were used in this study. In addition, the structural cross-sectional shape was one
of the main parameters of this study and included hollow square and hollow circular
sections. Limitations of this study are outlined below:

e Only two structural models, set in three different configurations (square, diamond
and circular) were investigated: impact of walls was not considered due to the flume
geometry limitations.

e Flow conditions in the form of rapid surge, which occur when the bathymetry of the
beach is very steep, was not considered in this study.

e The dry bed condition was difficult to achieve due to imperfections of the
experimental facility such as the imperfect sealing mechanism of the swinging gate
employed in the flume.

e Due to the limited volume of the impounding reservoir, the duration of the sustained
flow was limited when compared to actual tsunami-induced bores. However, the
duration of sustained flow attained in this experimental program was sufficient to

adequately quantify the quasi-steady hydrodynamic flow.

1.4 Novelty of the Research

Although the literature contains several studies [Arikawa 2009, Nistor 2008, Palermo et al.
2007, and Arnason 2005] of near-shore infrastructure subjected to tsunami loading, many of
these studies involved structures that were either vertical or inclined walls [Arikawa 2009,
Ohmori et al. 2000, and Ramsden and Raichlen 1990]. Others studies investigated the effect
of solitary waves, generated by paddles connected to a hydraulic piston of a wave-making

machine, on walls or columns. However, tsunami waves often break offshore and propagate
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inland as a turbulent hydraulic bore. Furthermore, as the flow impacts external structural
elements, part of the flow passes through openings and part is redirected around the structure
or structural elements. The forces experienced by the structure must account for the
contributions as the flow moves along the sides and back of the structure. Limited studies
[Lukkunaprasit et al. 2009, Arnason 2005, Asakura et al. 2002, and Ikeno et al 2001]
investigated the effect of the tsunami-induced turbulent bores on structures. Therefore, the

novelty of this study is summarized as follows:

e This is one of the first detailed and comprehensive experimental investigations of the
effects of tsunami-induced hydraulic bores on structural models by impacting them

with hydraulic bores of varying inundation depths.

e While all previous studies focused only on a single wall or column, in this study, two
structural models of different cross-sectional shape (circular and square) and three

different orientations (circular, square and diamond) were investigated.

e A unique characteristic which distinguishes this study from others is the investigation
of the effect of the initial flume bed condition (dry or wet) on the base shear forces,
base overturning moments, and pressures experienced by the structural models. This is
the first such study which quantified, qualitatively and quantitatively, the effect of the

bed condition.

e This is one of the first experimental studies that investigated the effect the debris mass

and orientation on the magnitude of impact forces on structural elements.

e This is the first study that has evaluated the effect of structural mitigation measures

(walls) on the hydrodynamic loading on structural elements.

e This study is one of the first to present a critical review and evaluation of the formulas

proposed by recent engineering tsunami design guidelines to estimate tsunami loads.

1.5 Dissertation Outline
Chapter 1 presents the research objectives, scope, and novelty of this research program.
Chapter 2 details the potential tsunami hazard for Canada and includes a review of the state-

of-the-art research in the field of tsunami impact on infrastructure. As part of this chapter, a



discussion is provided on the analogy between tsunami propagation inland and the dam-
break wave. It also focuses on the impact of debris carried by tsunami bores on near-shore
structures and existing mitigation measures. Finally, lessons learned from recent tsunami
events are presented. Chapter 3 discusses the state-of-the-art engineering documents that
contain prescriptions to determine tsunami loading and effects. Details on calculating
tsunami forces as recommended by the most recent tsunami-resistant design document
(FEMA P-646 2012) are also included herein. The experimental setup, instrumentation,
scaling considerations, testing program and procedures, debris impact and mitigation
elements are presented in Chapter 4. Chapter 5 contains the experimental results, analysis
and discussions including: processing of raw experimental data, characteristics of the
generated hydraulic bores, and pressure-, base shear force-, base overturning moment- and
displacement-time histories experienced by the structural models. The effect of the initial
flume bed condition (wet or dry) on the pressures and forces induced on the structural model
is also presented. Moreover, the influences of location, height, inclination angle and cross-
sectional shape of the mitigation walls on the base shear forces, moments and displacements
experienced by the structural models are also discussed. Chapter 6 focuses on a review of
recent published tsunami guidelines and a critical comparison with results from the
experimental program of this study. In this context, a comparison between the experimental
bore-induced pressures and forces on the structural models and those calculated using the
most recent tsunami-resistant design guidelines is provided. Finally, conclusions and
recommendations for future research derived from the results and discussions of this

research work are presented in Chapter 7.



CHAPTER

ACKGROUND AND
LITERATUREREVIEW

2.1 Introduction

Tsunami is a series of waves generated in a body of water as a result of a sudden disturbance
that vertically displaces the water column. The origin of the word stems from the Japanese
meaning “harbour waves”. Tsunamis can be generated by earthquakes, landslides, volcanic
eruptions, underwater explosions or meteorites; however, the most recent major tsunamis

have been generated by subduction zone earthquakes.

The focus of the research presented herein is on the effects of tsunamis on near-shore
communities and, specifically, the impact of tsunami-induced bores on structures. Therefore,
this literature review focuses on the impact of tsunami bores on structures. The following is

a brief description of representative past tsunami damage:

e In 1896, the northeast of Japan, along the Sanriku coast, was impacted by a tsunami that
was responsible for more than 20 000 deaths. More than 270 km of the coastline was
affected by the ensuing coastal inundation. Financial losses were equivalent to 10% of
the Japanese national budget at that time. This tsunami was triggered by the Meiji-

Sanriku Earthquake (The Central Disaster Prevention Committee of Cabinet Office,
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Government of Japan, 2005). This event provided motivation for people to move away

from the shoreline.

e In December 1979, in Tumaco, Ecuador, more than 1, 000 casualties and significant
damage resulted from a tsunami triggered by an earthquake that occurred offshore of
Columbia and Ecuador. Figure 2.1 illustrates significant damage caused by the tsunami

to a residential community.

Figure 2.1 Damage to houses in Tumaco, Ecuador, caused by tsunami on December, 1979
(Tsunami Disasters, n. d.)

Tsunami-reporting also increased by virtue of improved global communications. The
high number of deaths is partly due to increases in development of coastal regions followed
by increases in population density in these areas. Between 1990 and 2000, 82 tsunamis were
reported worldwide exceeding the previous average rate of 57 tsunamis per decade. Ten of
those events caused more than 4, 000 deaths each (Tsunami Disasters, n. d.). The following

is a brief description of the most destructive tsunamis:

e In 1933, the major Showa-Sanriku Tsunami hit the north-east coast of Japan, resulting in
3,064 deaths; loss of life had decreased relative to previous events due to experience and
awareness from previous tsunami events. The large extent of damage was related to the
coastal zone topography and bathymetry of the narrow bays present along the shores in
these areas. The latter caused particularly large wave heights. After this disaster, to

protect life and personal property, the local government of the Iwate Prefecture
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constructed a 1,960 m-long breakwater at the entrance of Kamaishi Bay. This was
intended to address the problems with the near-shore bathymetry and associated tsunami

wave amplification in the area.

In 1993, the northern Island of Hokkaido, Japan, experienced an earthquake that rattled
Okushiri Island and triggered a tsunami that caused large-scale damage and fire. This
tsunami was characterized by an early arrival time of the first wave of 3 to 5 minutes
after the triggering earthquake. Figures 2.2 a) and b) provide an aerial view and indoor
view of the damage caused by the Hokkaido Tsunami to Okushiri Island and American

Samoa Island, respectively.

(a) (b)

Figure 2.2 Damage due to tsunamis: a) Okushiri Island by Hokkaido Tsunami, 1993
(Science and Nature, n. d.); and b) damaged boat inside Pago Community
Center, American Samoa Island, 2009 (Tsunamis, n. d.)

On July 17, 1998, tsunami waves impacted Papua New Guinea's north coast and
damaged houses and villages. The death toll exceeded 2, 200 people. Although the
tsunami was triggered by a moderate earthquake (magnitude of 7.1 on the Richter scale),
the waves were much larger than those generated by similar magnitude earthquakes.
This apparent discrepancy between the tsunami wave magnitude and earthquake strength
provoked speculation among scientists that there may be other tsunami-generating
factors that were triggered by the seismic tremors, such as accompanying submarine
landslides or an explosion of gas hydrates. Figure 2.3 demonstrates the damage caused to

a coastline community in Papua New Guinea (PMEL, 1998).
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Figure 2.3 Damage due to tsunami in Papua New Guinea (July 1998) (PMEL, 1998)

The last decade witnessed three major tsunamis: Indian Ocean 2004, Chile 2010, and

Tohoku, Japan 2011. These tsunami events caused massive infrastructure damage,

devastating economic consequences, and significant loss of life. They also demonstrated the

vulnerability of near-shore infrastructure located within the inundation zone to significant

damage from the inland-propagating tsunami bores, highlighting a frequently overlooked

fact: tsunamis represent one of the most destructive natural disasters. The following is a

detailed description of each of the three above tsunamis:

On December 26, 2004, a 9.1 magnitude (Richter Scale) subduction earthquake occurred
in the Indian Ocean, along the north-western coast of the Indonesian island of Sumatra.
In this region, the Indian Ocean Plate is moving towards the east and gradually slides
underneath the Burma Micro-Plate at a rate of approximately 60 mm/year (USGS 2006).
The earthquake focal depth for this event ranged from 10 to 30 km. The main fault
rupture zone was approximately 90 km wide and 1, 200 km long, reaching the Andaman

Islands at its northern extremity.

The earthquake triggered a major tsunami that swept across the Indian Ocean
reaching, within hours, India, Thailand, and Sri Lanka, and Somalia and Tanzania in
Eastern Africa. However, the most significant damage occurred in Banda Aceh,
Indonesia, where the maximum tsunami wave run-up height of 48.8 m was measured in

Rhitting, near Banda Aceh (Saatcioglu et al. 2005). Casualties from this disaster
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exceeded 174, 500, with 51, 500 people missing and approximately 1.5 million people
displaced from their homes. Disaster statistics, conducted by Risk Management
Solutions (RMS 2006), indicated that the Island of Sumatra was the most affected, where
the tsunami destroyed all infrastructure below an elevation of 10 m along 170 km of the
coastline. This low-lying region with relatively high population density does not offer
any natural vertical evacuation and this was a factor contributing to the high number of
casualties. Surveys performed after the tsunami, for regions located 500 km northeast
and 1 600 km northwest from the epicentre of the earthquake (Thailand and Sri Lanka,
respectively), emphasized that most of the damage was attributed to tsunami-induced
inundation and only negligible damage was attributed to earthquake ground shaking
[Ghobarah et al. 2006, Nakano 2010]. Figure 2.4 depicts structural failures due to

tsunami bore-induced forces in Thailand and Banda Aceh.

(@) (b)

Figure 2.4 Tsunami-induced damage (Nistor et al., 2006): a) column failure in concrete

frame, Khao Lak, Thailand; and b) punching failure of masonry infill walls,
Banda Aceh, Indonesia

On March 27, 2010, an 8.8 magnitude (Richter Scale) earthquake struck offshore Chile,
triggering a major tsunami in the Pacific Ocean. The earthquake was generated along the
boundary between the Nazca and South American Plates. These two plates converge at
approximately 70 mm/year. The rupture zone had a width of over 100 km and a length of
approximately 500 km and was parallel to the central coastline of Chile. The tsunami-
induced bore penetrated over 1 km inland in many areas. Lagos et al. (2010) conducted a

field survey and noted that the maximum wave height was 11.2 m in the town of
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Constitucion; while 8.6 m-high waves were measured in Dichato and Tome. A localized
maximum run-up of 29 m on a coastal bluff in Constitucion was reported by Fritz et al.
(2010). Many coastal communities suffered widespread damage; however, the number
of casualties attributed to the tsunami was low. Palermo et al. (2013) suggested this was
a consequence of two factors: “First, Chile had experienced a major tsunami in 1960,
which remains engrained in the memory of the local population. In general, those living
along the coast immediately searched for higher ground upon experiencing the
earthquake ground shaking. Second, the central coastline of Chile is in close proximity

to higher ground providing vertical evacuation”. Figure 2.5 illustrates damage sustained

by coastal communities along the central coast of Chile.

Figure 2.5 2010 Chile Tsunami damage (Palermo et al. 2013): a) punching failure of

masonry infill walls and failure of columns in Pellhue; and b) widespread
residential destruction in Talcahuano

On March 11, 2011, a powerful earthquake of magnitude 9.0 (Richer Scale) occurred at
a depth of 30 km under the Pacific Ocean, near the northeast coast of Japan. The
epicenter of the earthquake was located approximately 129 km northeast of Sendai,
Honshu Island, and the subsequent tsunami, which affected the northeastern coast of
Japan, arrived approximately 15 minutes after the earthquake, leaving little warning time
for many villages and communities. The tsunami swept along the coastline and
penetrated inland with local run-up heights of up to 48 m (Chock et al., 2012). This
event was responsible for more than 25, 000 deaths and missing people. The Japanese

Cabinet Office estimated direct losses of more than $309 billion due to damage to
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housing, roads, utilities, and businesses across seven prefectures, making it the most
expensive natural disaster on record (EERI, 2011). The tsunami-induced bore displaced,
overtopped, and destroyed large structures (e.g. seawalls), which were initially
constructed to mitigate the impact of tsunami waves on local communities. Figures 2.6

highlights structural failures as a result of significant hydrodynamic, buoyant and debris

impact forces.

Figure 2.6 Impact of 2011 Japan Tsunami on residential and coastal structures (Nistor et al.,
2012): a) steel structure overturned in Onagawa; b) impact loading from large
vessel in Otsuchi; ¢) punching failure of fish storage building in Onagawa; and
d) floating of concrete slabs in Onagawa
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Although Japan has a long history of earthquake-generated tsunami events, which
provided opportunities to gain experience and develop mitigation strategies, the March 2011
earthquake and subsequent tsunami demonstrated that the current state of the art in disaster
prevention and mitigation, mainly for tsunamis, is limited. For the engineering community,
regions devastated by tsunamis provide valuable sources of full-scale field data from which
lessons can be learnt. Reconnaissance missions (Saatcioglu et al. 2005, Lukkunaprasit and
Ruangrassamee 2008, and Nistor et al. 2010) demonstrated that many structures were able to
survive the ground shaking of the earthquake, which preceded the tsunami hydraulic bore.
However, they were either completely damaged or significantly damaged due to the tsunami
inundation. The damaged structures can be categorized into two groups: engineered and
non-engineered buildings. Analyses of the former category demonstrated that the structural
systems were subjected to loads much higher than what they were designed for. Note that
tsunami loads were not defined at that time these structures were constructed. Investigation
of surviving buildings confirmed that those structures were able to withstand tsunami event
because they were well-designed, well-oriented, and/or because of the existence of low
height structural elements (mainly walls) constructed upstream, which reduced the tsunami
induced forces (Lukkunaprasit and Ruangrassamee 2008). Figure 2.7 provides photos of

buildings that survived the 2004 Indian Ocean Tsunami.

(2) (b)

Figure 2.7 Engineered concrete buildings that survived the 2004 Indian Ocean Tsunami

without structural damage (Saatcioglu et al. 2009): a) hotel on Phi-Phi Island,
Thailand; and b) Banda Aceh, Indonesia.
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2.2 Tsunami Hazard

Statistics conducted by the Disaster Center (Tsunami Disasters, n. d.) for natural disasters
that occurred during the first semester of 2011 demonstrated that tsunami-induced coastal
flooding was responsible for five of the ten largest by estimated economic damages, four of
the ten largest by number of people killed, and four of the ten largest by number of total
people affected. Moreover, more than 95 % of the number of people killed and more than 86
% of the economic losses caused by the largest ten natural disasters in first semester of 2011
were associated with tsunami-induced coastal flooding. Noteworthy is that the 2011 Japan
Tsunami caused the worst flood disaster in 2011. These statistics reflect the vulnerability of

residential and industrial communities located within inundation zones.

Canada has the longest coastline of any country in the world and it is vulnerable to
tsunamis generated in the Pacific, Atlantic and Arctic Oceans. The source of the threat can
be either from near or far off-shore tsunamis triggered by tectonic activity. Localized
hazards from seismically triggered landslide-generated tsunamis are also a concern for
coastal regions of Canada (Mosher, 2009). Recently, meteorological tsunamis have been
recognized as a potentially destructive and likely common regional hazard for British
Columbia (Thomson et al., 2009). These tsunamis are generated by atmospheric rather than
geological phenomena, and are expected to occur randomly rather than having a distinct,
localized source of generation. Tsunamis can be generated by volcanic eruptions and
asteroid impacts, but at a much lower probability. The Canadian Assessment of Natural

Hazard Report (Etkin 2010) cited that:

e A submarine landslide triggered the tsunami in Valdez in 1964. Figure 2.8 displays

damage that the tsunami caused in Port Alberni, British Columbia.

e Submarine slope failure generated the Alaska and southern Newfoundland (November
1929) tsunamis. These tsunamis were very destructive locally, but less so as the

distance from the slope failure increased.

e In 1958, a large earthquake occurred in Lituya Bay, Alaska, which caused a massive
rockslide that displaced the bay water up the shoreline and generated a run-up height
of 500 meters: this is the largest wave ever recorded in history. These large waves

travelled around the bay for 30 minutes (Miller, 1960).
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Figure 2.8 Damage caused by the 1964 Alaska Tsunami at Port Alberni, BC, Canada.
(Photo by D. Peregrine, CNN, 2007)

e In 1908, a landslide generated a wave at Notre-Dame-de-la-Salette, Quebec, that killed

33 people.

Tsunamis triggered by landslides are characterized by localized destructive effects

with less damage with increasing distance from the location of the landslide.

Finally, tsunamis can be generated by explosions occurring close to a large water
body. In 1917, the Halifax Harbour Explosion occurred when the ship Imo collided with the
ammunition ship Mont Blanc, causing the latter to explode. This was the largest human-
generated explosion in history prior to the Second World War. The explosion generated
localized tsunami waves that were responsible for the drowning of approximately 200

people.

The following is a brief discussion of the tsunamigenic sources in the Pacific, Atlantic and

Arctic Oceans:

> Pacific Ocean:

The Pacific Ocean is considered the source for the most significant tsunami hazard in
Canada, from both near-field and far-field sources. A megathrust earthquake along the
Cascadia subduction zone has the potential to trigger a tsunami similar to the 2004 Indian
Ocean Tsunami. This is the primary tsunami hazard for western Canada. Also, significant

are tsunamis from local crustal earthquakes and far-field subduction earthquakes, as well as
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local landslide-generated tsunamis. Regularly throughout the Holocene period, megathrust
earthquakes impacted the Pacific Coast of North America. More recently, Native American
verbal history recounts of shaking that preceded the coastal flooding event between 1690
and 1715 (Ludwin et al. 2005), which was also associated with a damaging tsunami
recorded in Japan (Satake et al. 1996). Goldfinger et al. (2010) is the most recent study,
based on 80 core samples that were taken from the seabed between Vancouver Island and
Cape Mendocino in northern California. The study used coastal marshes and offshore
turbidity deposit evidence to conclude the probability of a great earthquake that triggered a
destructive tsunami. Previous hazard studies were based on 19 earthquakes with a magnitude
of 9 that rattled the region in the past 10, 000 years; the farthest back that core samples are
applicable. Those earthquakes have averages of approximately 500 years, with occurrences

ranging between 200 to 800 years.

The locations of the samples in the study by Goldfinger et al. (2010) were near the
Cascadia subduction zone to examine deposits from submarine landslides triggered by
substantial earthquakes. The study found 22 additional earthquakes with approximate
magnitude of 8, similar to the 2010 Chile Earthquake. In their investigation, by increasing
the number of earthquakes to 41, the average recurrence interval reduced to 240 years.
Taking into account the last earthquake of January 1700, the authors concluded that the
northwest coast of North America has approximately a 40% chance of experiencing a
magnitude 8.0 or larger earthquake in the next 50 years. The Cascadia fault zone is
thousands of kilometres long and runs along the northwest coast of North American. This
close vicinity increases the tsunami risk to coastal communities due to the very short
tsunami wave arrival time, similar to the 2011 Japan Tsunami where time to evacuate was

very short, less than 30 minutes in many locations.

In 1960, a tsunami triggered by an earthquake which occurred off the central coast of
Chile caused damage to the west coast of Vancouver Island and the Queen Charlotte Islands.
The wave height of this tsunami (1.3 m) was smaller than that of the 1964 Alaska Tsunami
(2.4 m) due to the significantly longer distance between the source and the impacted region
and due to the influence of the orientation of the Chilean fault line on the tsunami
propagation direction towards Vancouver Island. Small tsunamis from other distant sources

such as Japan, the Kuril Islands, Chile, Mexico, Peru, Indonesia, and the Tonga Islands were
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discovered on the British Columbia coast. Eleven tsunamis were recorded between 1994 and
2007 (Stephenson and Rabinovich, 2009). Dunbar et al. (1989), based on tsunami numerical
modelling, suggested that additional far sources include Kamchatka and the Aleutian
Islands, which can generate tsunamis due to a large subduction earthquake and result in
more damage to the coast of British Columbia compared to the one generated by the 1964

Alaska Tsunami.

Another considerable hazard source to the coast of British Columbia and local
communities such as the Alberni Inlet arises from tsunamis that are generated by
earthquakes elsewhere in the Pacific Ocean (Henry and Murty 1995). In 1964, the Alaska
Earthquake with a magnitude of 9.2 (Richter scale) triggered a tsunami that caused
significant damage of approximately $10 million in Port Alberni and in the surrounding area
of Vancouver Island (Thomson 1981). The British Columbia Provincial Emergency Program
stated that a tsunami of such magnitude has a high probability to reoccur (Clague et al.

2006).

Tsunamis that are generated due to subaerial or submarine landslides represent
potential sources of hazard and risk. In 1975, a submarine landslide in Kitimat Arm
generated a tsunami with a wave height of 8.2 m and caused considerable local damage
(Murty 1979). A rock avalanche around the 16th century (Bornhold et al. 2007) at Knight
Inlet generated a tsunami that destroyed the First Nations village of Kwalate. Numerical
modelling of tsunamis from hypothetical submarine landslides from the delta fore-slope
demonstrated that waves several meters in height struck the nearby mainland coast and
reached up to 18 m in height in the Gulf Islands of Mayne and Galiano across the Strait
(British Columbia), opposite the source region (Rabinovich et al., 2003).

Parts of the low-lying greater Vancouver area are potentially at risk from tsunamis
triggered by submarine landslides, specifically on the fore-slope of the Fraser River Delta,
which has been identified as unstable by Mosher et al. (1997). Figure 2.9 illustrates potential

tsunami sources that threaten Vancouver Island.
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Figure 2.9 Potential tsunami hazards in Southern British Columbia (Clague et al., 2006)

> Atlantic Coast of Canada

Tsunami hazard along the Atlantic Coast of Canada is substantially lower than that of the
Pacific Coast. There are no active tectonic movements near the coast to trigger tsunamis;
however, there is the potential for submarine landslides that can generate local tsunamis,
similar to that which occurred in 1929. Historical records reveal that the number of tsunamis
along this coast was one fifth of those which affected Canada’s west coast (Gustiakov 2009).
Unusual water-level fluctuations and flooding of low-lying areas were evident in the harbour
of Bonavista, Newfoundland, Canada. Results of tsunami modeling indicated that wave
heights greater than 1.5 m could have occurred at several coastal sites in Newfoundland with

values of more than 2.5 m in the Bonavista Peninsula (Roger et al., 2009).

In 1929, a landslide generated a tsunami that inundated the Burin Peninsula in
southern Newfoundland, with 3 to 8 m-high waves and run-up heights of up to 13 m. This

event resulted in 28 fatalities, in addition to economic damage to 12 seafloor-laid telegraph
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cables estimated at $400 000 in 1929 dollars (Fine et al., 2005). The submarine landslide
was triggered by an earthquake of 7.2 magnitude at the edge of the Grand Banks south of
Newfoundland. The recurrence interval for this size of earthquake was predicted to vary
between a few hundred to one thousand years; however, not all earthquakes of this size have

the potential to generate landslides (Clague et al., 2003).

The area around the St. Lawrence River Estuary is characterized by Quaternary
sediments, and moderate seismicity which is concentrated in the Charlevoix seismic zone
underlying the estuary. These attributes are the key contributors to having approximately
one million people at risk from tsunamis (Poncet et al., 2009). The tsunami waves can be
triggered by seismic shaking or landslides due to instability failures along the banks and/or
submarine slopes; many of these have evidence of being impacted by a magnitude M7
earthquake which occurred in 1663 (Locat et al., 2003). Numerical simulation of tsunamis
generated by earthquakes and landslides indicated that 1-2 m high waves are likely to be
associated with local run-up heights of up to 5 m (Poncet et al., 2010).

Importantly, it is believed that the collapse of a large volcanic flank off the Canary
Islands represents a far-source tsunami hazard with the potential to generate waves with
heights of up to 10-25 m. Such an event would be catastrophic for the Atlantic Coast of
North America (Ward and Day, 2001). Recent numerical modelling results of such a
tsunami demonstrated the presence of very large, short-period local waves that are strongly
dissipated with distance. However, tsunami waves with heights of up to 3 m reaching the

east coast of North America still represent a potential hazard (Gisler et al., 2006).

> Arctic Coast of Canada

Due to climatic conditions, inaccessibility and extremely low population density, tsunami
recordings for the northern Canadian coastline are limited. Recent tide gauge monitoring
records indicate that tsunami hazard is likely much lower than the other coastal regions of
Canada. Moreover, the presence of extensive sea ice cover does attenuate the energy of
tsunami waves. The active seismic fields are the Beaufort Sea and the Baffin Bay area, but
tectonic reports reveal that earthquake-generated tsunamis are improbable to occur from any
of these two sources. A more recent study hypothesized that a potential tsunami could be

triggered by large thrust earthquakes beneath the Mackenzie Delta (Hyndman et al., 2005).
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Ruffman and Murty (2006) reported that landslide tsunamis were generated off western
Greenland, namely in the Disko Island district. Large mass failure was visible on the front
side of the Mackenzie Delta, and considerable mass transport deposit images within shallow

sediments of the deep Canada Basin were also identified (Mosher et al., 2010).

Leonard et al. (2010), as part of a Geological Survey of Canada project, presented a
summary of geological tsunami sources which could potentially threaten Canadian coasts.
The potential tsunami hazards and its triggers are summarized in the map shown in Figure
2.10. Leonard et al. (2010) reported a list of tsunamis triggered by geological sources as

shown in Table 2.1.

Baffin Island:
- landslides: E. Baffin Island, W.
Greenland, Baffin Bay

LOCAL TSUNAMI POTENTIAL

Mackenzie Delta:
- possible thrust earthquakes

- landslides
B.C. Coast St. Lawrence Estuary:
- megathrust earthquakes - elafr‘:l;qlpéakes
- landslides

- crustal earthquakes

- delta-front landslides
- offshore landslides
- fjord landslides

Atlantic Coast:
- shelf-edge
landslides
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Figure 2.10 Potential tsunami hazards and sources for the Pacific, Arctic and Atlantic coasts
of Canada (Leonard et al., 2010)
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Table 2.1 Damaging tsunamis (from geological sources) documented in Canada (Leonard et al., 2012)

Impact . Wave Run-
Date Sour?e Location Tsunami Earthquake Height up Damage References
Location (Canada) Source Magnitude (m) (m)
COASTAL - WIDESPREAD IMPACT
e.g. Satake et
Cascadia Widespread al. 1996;
Jan 26 subduction &[V : %%fébgjg} meléggl?ius ¢ M-9.0 -5-8; up mi+n. fatalities; Hutchinson et
1700 zone, N. CA — Is. and inlets earthquake to 16 3 destmctlon al. 1.997;
S.BC of villages Cherniawsky
et al. 2007
Wigen 1960;
W. Vancouver ’
May 22 Southern Is. and Queen Far-f;leld M9 1.3" 0.1- loodi Stle%henson Zt
1960 Chile Charlotte Is, ~ megathrust S (Tofino) 2.1  Tlooding — al. 2007 (an
(QC) : earthquake : reference
therein)
* Wigen and
24 : .
M2z (Brinee GO Fafied (Tofino) o, ~Slom e 00
1964 William Alberni and megathrust M 9.2 min. 80 damage al. 2007 (and
Sound, Alaska QCI earthquake 5.2 (PL : (1964) of
Aibemi lrences
Nov 18 Grand Banks, Burin Earthquake- 28 52%‘&265; e.g., Ruffman
1929 off Peninsula, triggered M7.2 3-8 13 dam 2001; Fine et
Newfoundland Newfoundland  landslide (? gfgf al. 2005
COASTAL - LOCAL IMPACT
Many
~16™ Knight Inlet, Same as Rock n/a 26" 9 fatalities; Bornhold et
century BC source avalanche : : destruction al. 2007
of village
Earthquake- 1 fatality;
Jun 23 Deep Bay, Same as triggered local Hodgson1946;
o Strait of : M 7.3 1-2 ? .
1046 Georgia. BC source submarine flooding and  Murty 1977
gld, landslide damage
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Murty 1979;

Apr 27 Kitimat Arm, Same as Submarine n/a 8.3; 6- 9 Substantial Skvortsow
1975 BC source landslide 117 : local damage and Bornhold
2007
1 fatality;
Construction- $16-21 ]
Nov 03 Same as induced million Lander 1995;
5 Skagway, AK . n/a 5-6 9-11 Kulikov et al.
1994 source submarine damage to
. 1996
landslide harbour
docks
LAKES/RIVERS — LOCAL IMPACT
Spences . I Evans 2001;
Aug 13 Bridge, Same as Rlverbgnk 15 fatalities, Septer et al.
landslide n/a 4.5-6 22.5 20 houses
1905 Thompson R., source 2007 (and refs
BC destroyed therein)
Aor 26 Notre-Dame- Same as Riverbank 27 fatalities,;
113908 de-la-Salette, SOUrce landslide n/a ? 15 12 buildings  Evans 2001
Lievre R., QC destroyed
Ifaﬁdsleﬁe Earthquake- Forest
Jun 23 N Same as triggered _ destruction
1946%* (\jlﬁﬁ:%ﬂvlse(r)slt:r source rock M7.3 29 o1 up to 3 km Evans 1989
BC ” avalance from the lake
. Under-water Damage to
01(;[9%6 Trmt;aCLake, Same as delta-front n/a 2 ? boats and Schwab 1999
source .
landslide wharves
Destruction Stephenson
Dec 04 Chehalis Same as . and damage and
2007 Lake, BC source Landslide n/a >10 ? to Rabinovich
campgrounds 2009

" Modelled values for release of 500 years of accumulated strain.

" Run-up from tsunami deposits likely lower than actual run-up.

% Wave height measured peak-to-trough; other values are wave heights above state of tide.

*Modelled values; not observed.

" Several tsunamis in lakes and inlets triggered by different landslides set off by the same earthquake.

“Not in Canada; included because fjord environment is similar to much of BC coast, and facilities were Canadian-owned.
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2.3 Tsunami Waves: Generation and Propagation

Tsunamis are series of successive ocean waves with periods ranging from 5 to 60 minutes;
such waves are generated when a large mass of sea water is displaced due to a catastrophic
event. Tsunamis can be triggered by an earthquake under the seabed, but they can also be
generated by volcanic eruptions, landslides, underwater landslides or meteor and asteroid
impacts. Tsunami waves travel towards the shoreline in the form of long waves
characterized by extremely low wave steepness. In open ocean (deep water conditions),
tsunami wave length can exceed 500 km, while its height can be a meter or less. An example
of the presence of a tsunami going unnoticed is the historical Sanriku Tsunami, which struck
Honshu, Japan, on June 15, 1896. Fishermen in boats 32 km offshore did not detect the
passing tsunami wave due to the fact that the wave height was less than 400 mm (Bryant
2008). These characteristics make tsunami waves difficult to detect offshore, and the
significant energy of the tsunami is transported across the ocean without significant
damping. As tsunami waves advance toward shorelines and enter shallow water, the wave
length decreases while the wave height and steepness increase. The latter change is due to
the bottom upslope and friction with the seabed. When the tsunami wave height becomes
approximately equal to the water depth, the wave starts to break and continues to advance
toward the shore in the form of either a hydraulic bore or a rapid surge. The bore is
hydraulically similar to a flood-wave generated by a dam-break. Depending on the coastal
topography, the tsunami bore (surge) floods near-shore coastal areas and impacts the

infrastructure located in its path.

Tsunami waves differ from wind waves due to their initial long wavelength,
relatively small amplitude, and mainly due to their comparatively long period. In addition,
unlike wind waves, which have their energy contained mainly near the surface, the kinetic

energy of a broken tsunami wave is distributed throughout the entire water depth.

In Open Ocean, tsunami waves have very long wavelengths compared to the water
depth. Therefore, shallow water-wave theory has been applied to study and analyze tsunami
waves. The shallow-water wave theory is described by the depth-averaged equations of mass
and momentum conservation. For simplicity, the one-dimensional wave propagation

equations are shown below:
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an 7] _

E+a[(n+h)u] =0 2.1
du du on _

E+Ua+ga—0 2.2

Where u is the average-depth horizontal velocity in x-direction, # is the water surface, /4 is
the bottom boundary elevation from a reference datum, g is the gravitational acceleration, x

is the horizontal spatial coordinate, and ¢ is the time.

The derivation of the above equations was based on the assumptions that the water is
incompressible and inviscid, while surface tension is neglected. Thus, the water depth is
small in comparison with the characteristic horizontal length scale of the motion, which
results in a hydrostatic pressure field throughout, while the velocity is uniform through the

entire water depth.

Past events demonstrated that, depending on the near-shore bathymetry, tsunami
waves can break offshore and reach the shoreline and advance inland in the form of a
hydraulic bore. Hence, a description of the broken-wave run-up, based on shallow wave
theory will be presented hereafter. As waves break, the fluid motion becomes turbulent.
Therefore, turbulent closure models based on the Reynolds-averaged Navier Stokes (RANS)
equations in three-dimensional flow field are relevant (Iaccarino et al. 2003). Given that the
objective of this study is to investigate the interaction and behaviour of bores (broken
waves) with near-shore structures, tsunami wave generation and propagation mechanism

will not be discussed herein.

2.4 The Analogy between Tsunami Bore and Dam-break

As tsunami waves approach the coast, they transform due to shoaling of the up-sloping near-
shore bed; wave amplitude increases while the wavelength decreases. Smaller waves of
short periods are generated by soliton fission. The short period waves called fore-runners
occur and arrive before the main tsunami waves. For some past tsunami events, witnesses
reported the recession of the water at coasts prior to the arrival of the first tsunami wave.
This phenomenon was attributed to the tsunami wave first arriving as a trough at the
shoreline (Thurairajah 2005). Tsunamis also experience several magnification effects that

may lead to the formation of edge waves along the beach. Edge waves mainly exist
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shoreward and propagate along the shore; their amplitude is at its maximum at the shoreline
and diminishes rapidly while moving in the offshore direction. Bays can also be subject to

resonance. Local amplification effects around islands and cliffs can also be significant.

Depending on the near-shore bathymetry, tsunami waves break offshore while
approaching the coastline, and further flood the coastal areas in the form of a hydraulic bore
or a rapidly rising surge. For the 2011 Japan Tsunami, researchers [Chock (2012), and
EERI (2011)] stated that the tsunami had the form of a train of waves offshore and
resembled a bore while travelling onshore. Relevant tsunami-bore hydrodynamic
characteristics will be discussed in the next section. Murty (1977) documented that a
significant amount (up to 90%) of energy loss could be expected for far-field tsunamis.
Substantial energy is lost as the tsunami reaches the shore due to refraction, shoaling,
bottom friction, Coriolis effect, etc. By assuming that the tsunami energy reaching the shore
is dependent upon the energy received at the source, while taking the distance from the
shore under consideration, Bryant (2001) provided the maximum inland penetration, X; , in

meters as:
x; = HO7>n=?k 2.3

Where H; is the wave height at the shoreline or the toe of a beach in meters, n is Manning’s
coefficient (0.015 for flat area, 0.03 for built environment, and 0.07 for tree-lined
landscape), and k& = 0.06. For H; = 6.6 m and 10.5 m, with » = 0.015, the maximum inland

penetration distances are 825 m and 1, 533 m, respectively.

Figure 2.11 illustrates the effect of the roughness of near-shore regions on the

maximum distance of inland penetration of a tsunami.
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Figure 2.11 Tsunami run-up heights versus inland penetration on flat coastal plain of
varying roughness (Bryant, 2001)

The term “dam-break wave” is usually used to refer to the two-dimensional flow
generated by the quick removal of a vertical wall impounding a volume of water at rest
above a horizontal bed. Dam-break flow analysis has been well investigated, both
experimentally and numerically, as part of the dam design and safety analysis in addition to
flood plain management (Almeida and Franco, 1994). Ritter (1892) was the pioneer who
provided the classical solution based on the approximate Saint-Venant equations. The
solution neglected the frictional and turbulent resistance effects; therefore, the simplified
analytical solution is not able to accurately describe the actual flow characteristics. Dressler
(1954) provided a comparison between experimental data and his previous mathematical
results (Dressler, 1952). The experimental data deviated from the theoretical results,
indicating that the Chezy resistance function, which is often used in steady flow formulas, is
inadequate for highly turbulent flows. Stoker (1957) generalized Ritter’s solution for wet-
bed initial downstream conditions and arrived at a similar solution. Lauber and Hager (1998)
used the shallow water equations with friction slope in the source term to develop an

analytical solution.

Chanson (2005 and 2006) used the method of characteristics employing the Saint-
Venant equations to analyze the dam-break wave phenomenon, using a wide rectangular
channel with a semi-infinite reservoir. He hypothesized that the hydraulic bore generated
from breaking tsunami waves is similar to that of a dam-break wave. Based on a simple

analytical solution of the dam-break, Chanson derived a simplified, explicit analytical
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solution for dam-break flow on a dry horizontal bed. The solution is a function of the bore-
front velocity, location and characteristics. As a result, an explicit expression is provided for
free-surface profiles of the flow. By analyzing video recordings, which were taken during
the 2004 Indian Ocean Tsunami in Phuket Island (Thailand), Chanson estimated the flow
depth and velocity. To compare the bore-front profile estimated from video recordings with
that of the analytical solution, some assumptions were made: the bore in the video was
generated from a 1 m solitary wave that travelled 2 km from the deep water region offshore
before the breaking point near the shoreline. However, the solitary wave theory illustrated
that the corresponding breaking wave height was 10.5 m with a velocity of 12 m/s. Thus, the
location of wave breaking was proposed to be further inland. Therefore, the dam-break
solution was assumed with a still water depth d, = 10.5 m on horizontal bed with and
without flow resistance (ideal and real flow resistance: f = 0, and 0.5) and with and without
initial velocity (¥, = 0, and 12 m/s). Figure 2.12 provides a comparison between the
characteristics of the observed tsunami bore and the bore generated by the dam-break wave
on a horizontal plane. The points represent the estimated tsunami height while the dotted
line represents the results obtained using the dam-break solution. The graph illustrates good
agreement between the actual tsunami-induced bore front profile and the dam-break

generated bore.
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Figure 2.12 Comparison between tsunami-induced bore with dam-break wave
(Chanson, 2006)
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2.5 Velocity of Tsunami-Induced Bore

Tsunami inundation flow velocity is a significant parameter that is used to estimate the
tsunami hydrodynamic loading on structures, and the velocity and associated impact force of
floating debris [Matsutomi 1999, Tsutsumi et al. 2000, lizuka and Matsutomi 2000, Fritz et
al. 2006, Jaffe and Gelfenbuam 2007, and Matsutomi et al. 2010]. However, tsunami-bore
velocity is difficult to estimate analytically: the bore-front is mathematically represented by
a singular point while the velocity is affected by many factors such as the inundation depth,
bed slope and bottom friction, and the distance from the shoreline. Therefore, numerical
simulation is often used to determine the tsunami-bore velocity. However, various formulae
to predict the velocity of hydraulic bores generated by tsunamis have been proposed by
several researchers. In this section, a number of the formulae will be presented and their

merits and suitability will be subsequently discussed.

e Togashi (1976) proposed the following formula for calculating the bore front velocity u

on a dry bed of slope S with friction f'at distance x from the shoreline:
u = (us - Bx)'/? 2.4

Where u; is the velocity at the shoreline, and B = 2(S + f/a®)/[(1 +a)(1 +
2a)] with a = 0.5. Since u = 0 at maximum run-up, x = (Hr - Hs)/S at this point.

For S = 0.0025, f = 0.01, Hr = 12 m and Hs =3 m, the velocity is ug =
(3.4gh)Y/?. For S = 0.001, f = 0.03, Hr = 6 m and Hs = 2 m, the velocity is us; =
(16.4gh)'/?. At x = 10 m from shore, these velocities reduce to (0.34gh)/?
and (0.88gh)'/2, respectively.

e Murty (1977) stated that tsunami bore velocity at inundation depth of % (as per
Fukui/Mattock) can be estimated by:

u =1.83,/gh 2.5

¢ Kirkoz (1983) suggested calculating the up-rush bore velocity of long waves using the

energy conversion principle as follows:

u=,/2gh 2.6
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e Tsutsumi et al. (2000) conducted field tests focusing on damaged structures due to a
tsunami triggered by the Hokkaido Earthquake at Aonae on Okushiri Island, Japan. The
tsunami-bore velocity was estimated from the tsunami-induced forces by using
Morison’s equation. An iron handrail on stairs leading to a 4.5 m high-water barrier was
used as a flow surrogate. This handrail consisted of six vertical poles and was parallel to
the shoreline (Figure 2.13). All six poles were bent in the direction of the incoming
tsunami bore and the bore flow was assumed perpendicular to the handrail. Tsutsumi et
al. (2000) estimated the tsunami-bore velocity along two directions of flooding and
concluded that the maximum tsunami bore velocity was 10 to 18 m/s along one route
and 5 m/s on the second one. The research suggested that the latter velocity was

underestimated due to local reflection from the adjacent water barrier.

Figure 2.13 Schematic and photograph of guardrail damaged during the Hokkaido Tsunami
(Tsutsumi et al., 2000)

e Bryant (2001) proposed calculating the tsunami bore velocity at inundation depth of 4

for the case without significant bed slope as follows:

u = 2.0\/gh 2.7

Alternatively:

u = H27(tan6)°>/n 2.8

Where Hg is the wave height at the shoreline, 6 is the bed slope, and » is Manning’s
coefficient (0.015 for flat, 0.03 for built environment, and 0.07 for tree lined landscapes)
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e Yeh et al. (2005) recommended using the formula provided by both FEMA-CCM and
CCH, which is based on study of Dames and Moore (1980):

u=2/gd; 2.9

e Matsutomi et al. (2010) investigated the relation between the tsunami inundation depth
and the inundation flow velocity using Bernoulli’s theorem. They introduced the
velocity coefficient (C,) in the range of 0.58-0.66 (with mean of 0.62) for the square

pillar model. The velocity coefficient can be calculated from the following formula:

u

Where /; and h, are inundation depths at the front and rear of a rectangular building,

respectively.

Matsutomi et al. (2010) collected data from recent tsunamis which occurred between
1992-2010 at locations away from the shoreline and as flat as possible. The data
presented the inundation flow velocity u as function of the non-dimensional inundation
depth A4/R or h,/R, where R is the inundation height with reference to the sea level
(Figure 2.14). The bore velocity was estimated based on Bernoulli’s theorem, under the

assumption of a quasi-steady flow:

u=,/2g9(hf —h;) 2.11
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Figure 2.14 Relationship between non-dimensional inundation depths A/R or h/R and
inundation flow velocity (Matsutomi et al., 2010)
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The field data indicated that the Froude number, defined as F. = u/,/ gh, where u is

estimated from the previous equation, is bounded by values of 0.7 and 2.0. Matsutomi et

al. (2010) conducted laboratory experiments under steady-flow conditions. Figure 2.15

shows a plan view of the testing flume. According to the results, the authors

recommended, for practical use, C, = 0.6 for very severe damage to the structure. They

also recommended the following equations to calculate the tsunami bore velocity used to

assess the hydrodynamic force:

u = 0.66,/ghy = 1.2,/ gh, for the upper bound fluid velocity 2.12
u = 0.36,/gh; = 0.42,/gh, for the lower bound fluid velocity 2.13
8.0 -
—4.1 or4.5—— unit : m
2 : imodel : E T
s[> flow . | L 1.0
Bl— 1 T |
l H——D"ﬂ——ﬁl
plan view 0.15 {0.15 ---. :measuring
0.3 0.3 cross section

Figure 2.15 Experimental flume and sketch of the building model (Matsutomi et al., 2010)

2.6 Tsunami Loads on Near-shore Structures

Field investigations indicate that, in addition to the drag forces that result from the moving

water mass, there are other significant tsunami-induced loads that need to be included in the

design of tsunami-resistant structures. These include:

e Hydrostatic Loads

©)

o

o

©)

Buoyancy force
Unbalanced lateral hydrostatic force
Residual water surcharge load on floors and walls

Hydrostatic surcharge pressure on foundations

e Hydrodynamic Loads

o

Equivalent uniform lateral force
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o Overall drag force on buildings

o Drag force on component elements

o Tsunami load on vertical structural elements

o Hydrodynamic load on perforated walls

o Hydrodynamic flow stagnation pressure

o Hydrodynamic surge uplift at horizontal slabs

o Tsunami bore flow entrapped in structural wall-slab recesses

o Debris impact loads

Either alone or in combination, these forces caused structural failures of low- to mid-
height buildings or structural components made of all types of materials (EERI 2011). Local
element failure shown in Figure 2.16 was found to be caused by lateral and/or debris impact
forces, while global structural failure was observed to be caused by lateral forces (sliding
and/or overturning due to weak connection to foundation) as shown by Nistor et al. (2005)

in Figure 2.17 or progressive collapse.

@ (b)

Figure 2.16 Damage to structural elements caused by tsunami-waterborne debris: a) column
failure in reinforced concrete frame, Banda Aceh, Indonesia (Nistor et al.,
2005); and b) impact failure of precast bearing wall apartment building in
Yuriage, Natori, Japan (EERI, 2011)
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(2) (b)

Figure 2.17 Damage to reinforced concrete structures caused by tsunamis: a) overturning of
apartment building, Onagawa, Japan 2011; and b) uplift of slabs in Khao Lak,
Thailand, 2004 (Saatcioglu et al., 2009)

e Synolakis (1986) investigated the solitary wave run-up on a plane beach and an exact
solution was developed. Based on this exact analytical nonlinear solution of tsunami
run-up on uniform-slope beach, Yeh (2007) developed the envelope curve of (hu?) as
a function of the ground elevation z and the tsunami maximum inundation depth R as

follows:

Emax _ 0125 — 0.235% + 0.11(2)? 2.14

Equation 2.14 is based on the assumption of a uniform beach slope, without lateral

topography variation, and no friction.

e Asakura et al. (2000) proposed an empirical formula to calculate the maximum
tsunami-induced force exerted on a structure by integrating the envelope of the
maximum standing-wave pressure. The formula was based on experimental tests of
shallow water impacting vertical seawalls. The authors determined that the pressure
during wave run-up on a structure can be predicted by measuring the wave run-up in
the absence of the structure. The pressure (p,) was represented by a hydrostatic
pressure distribution extending to a height equivalent to three times the measured wave

run-up height. During testing, the waves crossed perpendicular to the revetment before



they impacted the seawalls. The testing program consisted of two wave cases: with and
without soliton wave break-up. [A soliton is a self-reinforcing solitary wave that
maintains its characteristics while it travels at constant speed.] Note that tsunamis
usually form as a series of soliton waves. The following formula was proposed to

estimate wave pressure without soliton wave break-up:
Pm(2) = BNmax — 2)Pg 2.15

Where py, is the maximum tsunami-wave pressure for 0 < z/Mm.,x < 3, z is height of the
relevant portion from ground level, g is the gravitational acceleration, N,y 1S the maximum
inundation depth and p is the mass per unit volume of water. For the case with soliton wave

break up, the maximum pressure for 0 < z/Mm.x < 3 is based on the following formula:

Pm(2) =max{(5.4— ki ),3(1— z )}pg 2.16

Nmax Nmax

e Ohmori et al. (2000) analyzed experimental time history data and assumed that the
tsunami force is composed of drag, inertia, impulse and hydraulic force components.
They proposed the following formula to estimate the total force induced by tsunami on

a structure:
Fy = %pCDu|u|B77 + pCyuBLn + %PCS(H)uluan + prLTIZ_Z 217

Where Fp is the tsunami force; B and L are the width and the length of structure,
respectively; Cp is the drag coefficient, which is assumed equal to 2.05; C, is the mass
coefficient assumed equal to 2.19; Cs (0) is the impact coefficient assumed equal to 3.6tan6,
where 6 is the wave angle; u is the bore velocity in the direction of wave advancement; 1 is

the bore acceleration; and # is the inundation depth.

lizuka and Matsutomi (2000) proposed a formulation for calculating the force associated
with the steady-state flow based on the evaluation of damage experienced by houses due to

the Japan Tsunami:

Fy = 3 pCpuhyBy, 2.18
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Where Fy is the horizontal sustained force on the structure, Cj, is drag coefficient (1.1 to
2.0), u is tsunami bore velocity, /,1s tsunami inundation height in front of a structure, and B,
is the width of the structure. The tsunami bore velocity u is proportional to the square root

of tsunami inundation height; therefore Fy is proportional to u squared.

e [keno et al. (2001) conducted experiments in a tank that was divided by a sluice gate.
A bore was generated using a difference in water level on both sides of the gate
(Figure 2.18). The researchers stated that their experiments represented tsunami run-up
for two cases: (1) in the deep-water part of a harbour; and (2) inland, after crossing the

shoreline. Ikeno et al. (2001) proposed the following formula:
Pm(2) = 2.2(ay — g)apg 2.19

Where p,, is the maximum tsunami wave pressure (for 0 < z/ay < 3 above the surface of still

water), ay is tsunami wave amplitude, and a is the impact coefficient equal to 1.36.

Pressure-exposure
board —

Tsunami

Still water level

e e

Figure 2.18 Experimental schematic of Ikeno et al. (2000)

Yeh (2006) proposed that the hydrodynamic force induced by quasi-steady flow is a

function of the fluid density p, flow velocity u, and the geometry of the structure as follows:
Fa = CppB () pax 2.20

Where /4 is the flow depth at location of the structure in the absence of any structure;

Cp 1s the drag coefficient, and, as suggested by FEMA 55 and Coastal Construction
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Manual, is 1.2 for cylindrical structures and 2.0 for square or rectangular structures; B
is the breadth of the structure; and hu? is the momentum flux. At a specific location,
the maximum flow velocity u,,,, and maximum bore depth h,,, do not occur

simultaneously, thus (Au?)ax # RmaxUiax-

Yeh (2007) suggested the use of the maximum momentum flux in the estimation of the
hydrodynamic force based on numerical simulations for the case where no structure
was present. Yeh proposed that the tsunami hydrodynamic forces be evaluated as a
combination of the drag and inertia forces. The latter is particularly important at first
impact of the tsunami bore front with the structure. For the surge force due to the bore
leading edge impacting a structure, Yeh suggested the use of the formula of Dames

and Moore (1980), which was adopted by CCH 2000:

F, = 4.5 pgh? 2.21

Where # is the surge height.

Nakano (2008) followed the Design Guidelines for Tsunami Shelters issued by the
task committee under the Japanese Cabinet Office/JCO (2005) and the Standard for
Seismic Evaluation of Existing Reinforced Concrete Buildings published by the Japan

Building Disaster Prevention Association (2001) to estimate the design tsunami load:
qx(z) = pg(3h — z) for (0 <z <3h) 222

px(z) = pg9(ANmax — %) for (0 <z < anmax) 2.23

Where p.(z) is the design tsunami pressure acting on a structure at level z from the
ground level (kN/m?), p is the water density (fon/m’), g is the gravitation acceleration
(m/s°), h is the design tsunami inundation depth, and z is the distance above the ground
level (m). Figure 2.19 illustrates the background of the concept of Eqn. 2.22. This
pressure distribution was based on the two-dimensional experimental tests of Asakura
et al. (2000). The Japanese Cabinet Office (2005) provided two typical cases for
inundation depth and the height of the structure as shown in Figures 2.19 and 2.20.
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Figure 2.19 Design pressure tsunami distribution (Nakano, 2008)
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Figure 2.20 Tsunami inundation depth, building height, and tsunami pressure distribution
(Nakano, 2008)

Nakano calculated the lateral resistance of damaged structures by considering their
modes of failure and equating them to the calculated tsunami force using Eqn. 2.20 to
determine the value of a. This coefficient was defined as the ratio between the
equivalent water depth to the observed tsunami inundation depth (7;,,4,)- The observed
structures were classified into column-shaped and wall-shaped. Nakano found that the

wall-system buildings with @ > 2.5 did not sustain major damage (excluding the effect



of debris impact), while for a=2, it was difficult to differentiate between damaged and
survived structures for the column-shaped buildings. Nakano concluded that a value of
3 for coefficient @ provided a reasonable limit between damaged and survived
structures, but this value was not conservative if the structure was exposed to
waterborne debris. The researcher found that structures with an a value greater than
2.5 did not experience major damage, excluding the effect of debris impact. Nakano
reported one case for a structure with damage for a = 4, but the damage was the result

of debris impact.

e Fujima et al. (2009) conducted a two-dimensional experimental program of tsunami
wave impacting a rectangular onshore structural model. They installed the model at
different locations from the simulated shoreline (20, 50, 80, 150 cm). The two
structural models were represented by a cube with either a width of 10 cm or 20 cm
placed parallel to the shore. Figure 2.21 a) shows the experimental set-up and Figure
2.21 b) shows the installation of pressure gauges on the 20 cm wide model. Figure

2.22 provides photos of the bore front impacting the upstream face of the models.
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Figure 2.21 Physical model of Fujima et al. (2009): a) experimental setup; and b) location
of pressure gauges on the structural model



(a) (b)

Figure 2.22 Splashing on the upstream face of the models (Fujima et al., 2009): a) 10 cm

wide model; and b) 20 cm wide model

The authors (Fujima et al., 2009) studied the pressure exerted on the 20 cm wide
model using relatively small amplitude waves to avoid overtopping the model. They
also measured the total horizontal force acting on the model using a load cell. The
average pressure and force recorded from five repeated tests are shown in Figure 2.23.
The figure illustrates that the maximum force occurred after the maximum recorded
pressure. The authors attributed this to the gap between the lowest pressure sensor and
the flume bed. In the research reported by Al-Faesly et al. (2012), the lowest pressure
sensor was located sufficiently close to the flume bed to capture the first arrival of the

bore front, thus the force and pressure recordings commenced simultaneously.
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Figure 2.23 Pressure- and force-time histories at centerline for the 20 cm wide model
(Fujima et al., 2009)

Fujima et al. also discovered a time lag between the pressure sensor readings, both
vertically and horizontally (in height and width directions). The authors assumed that
this variation was related to the irregularity of the wave and to the complexity of the
wave-structure interaction. This type of variation did not appear in the experimental

study of Al-Faesly et al. (2012). Fujima et al. investigated the effect of the distance

between the structure and the shoreline on the maximum recorded force, and suggested

using the following formulas to calculate the maximum tsunami-induced force on

structures:

(13pBhymu2,  for ("m/p) < 0.05)
E, = n 2.24
L 3.3pghl,B  for ("™/p)>0.05 J
Where 4, is the maximum inundation depth at the location of the structure and D is

the distance between the structure and the shoreline. They suggested using Morrison’s

equation to calculate the tsunami wave force with Cp=2.0 and Cy; =1.0:
2.25

1 d i
E, = {5 CopBhu? + CypBWh; a—‘;}m
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Fujima et al. (2009) presented a non-dimensional comparison between their
experimental data and that estimated using Asakura’s formula (Asakura et al., 2000);

the results are shown in Figure 2.24.
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Figure 2.24 Comparison of experimental data with Asakura’s formula (Fujima et al., 2009):
a) non-dimensional relationship between the maximum pressure (p,) and
measurement height (z), 4; is the inundation height; and b) measured versus
estimated wave force by Asakura’s formula

The majority of previous research focused on the forces or the coefficient of the drag
for a specific structural element, such as walls [Ramsden and Raichlen 1990, Yeh 2007,
Arikawa 2009]. Predominantly, the researchers either measured the breaking wave force on
a structural elemental model [Ramsden 1996, Yim et al. 2008, and Arikawa 2009] or the
surge flow advancing on a sloped beach [Ramsden and Raichlen 1990, Chanson et al. 2000,
Mohammed 2008, and Lukkunaprasit et al. 2009]. In both cases, still water was present
upstream of the model, which does not typically represent a tsunami bore crossing the

shoreline and flooding the inland.

2.7 Impact of Waterborne Debris
Past events highlighted that tsunami flooding carries substantial amounts and varying sizes
of debris, such as wooden logs, components of damaged buildings, shipping containers,

fishing boats, and cars. Such debris may collide with structures located in the path of the
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tsunami-induced bores. The magnitude of these impact forces can be large enough to cause

significant or even catastrophic damage to the structures. Thus, it is essential to investigate

the mechanism of impact loading due to debris and the dynamic response of infrastructure

subjected to the dynamic impact of waterborne debris. However, it is difficult to estimate the

debris impact force accurately. Review of past studies on the estimation of the debris impact

force on near-shore structures is the focus of this section.

There are three basic approaches to estimate the maximum impact force on structures and

they are based on three parameters: debris mass, debris velocity, and a third parameter

whose selection varies depending on the approach followed. The following are the three

approaches based on the selection of the third parameter:

1.

Work-energy was proposed in the Highway Bridge Design Specification which was
published by the National Association of Australian State Road Authorities (NAASRA
1990). This approach is based on the work done by the change in kinetic energy

(0.5mu?) as follows;

mu?

Fimax = T 226

Where m is the debris mass; u, is the debris velocity at the time of impact; and S is the
debris stopping distance, obtained from the distance the debris travels from the point of
contact with the target until the debris comes to rest (u=0). NAASRA suggested
different values based on the structure stiffness only; that is, shorter stopping distance

for stiffer targets.

Impulse-momentum was suggested by the Federal Emergency Management Agency
(FEMA 1995) and the U.S. Army Corps of Engineers (1995), which uses the debris
stopping time:

Fimax = mt—“ 2.27
Where t; is the impact duration, which is equal to the time between the initial contact
of the debris with the structure and the maximum impact force. There is significant
uncertainty in evaluating the duration of impact. Moreover, this equation provides the

average force, not the maximum. To determine the maximum impact force, the force
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must be estimated as a function of time. Although this function is expected to be
sinusoidal in shape, a linear rise of force with time is typically used as the simplest

approach suggested by Haehnel and Daly (2002).

Contact stiffness is recommended in the 2™ edition of the LRFD Bridge Design
Specifications, which is published by the American Association of State Highways and
Transportation Officials (AASHTO, 1998) as follows:

F, =815uvDWT 2.28

Where DWT is the dead-weight tonnage of the debris. The name of this approach
indicates that it is based on the effective contact stiffness of the impact to estimate the

maximum force.

The following is a list of recent studies performed by several researchers to better

understand and estimate the debris impact force and the parameters affecting the magnitude:

Matsutomi (1999) conducted large-scale debris (wood log) impact testing in air and
another set with small-scale debris in a channel with the purpose to develop a practical
formula to estimate the impact force of driftwood on structures. The author reported
that the impact of debris in air is significantly different from that occurring in water
due to the water mass surrounding the debris prior to impact, which is referred to as

13

the “added-mass effect” or “virtual mass”. Matsutomi used the test data from the
small-scale experiments to compensate for the added-mass effect. Based on the
simplified elasto-plastic theory, the author derived an analytical formula to calculate

the impact force based on the following formula:

Fy

1.2 0.4
_ ) (o
= 1.6Cy ( Jg_D) (YWL) 2.29

Where F; is the debris impact force; y,, is the specific weight of water; D and L are the
debris diameter and length, respectively; Cy, is the added-mass coefficient, which has a
value of 1.7 for surge and 1.9 for common flow; u is the debris velocity at impact; and
oy is the compressive strength parallel to grain of the wood. Although Eqn. 2.29 is

based on a comprehensive experimental study with significant laboratory data, it is of
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limited use due to the scale of the testing and the use of only cylindrical-shaped log

debris.

Ikeno et al. (2001) investigated the behaviour of timber drifted by tsunami flooding
and the associated impact force with an impermeable vertical seawall. They illustrated
that the impact force was identical, regardless of the shape of the drifted body, for the
same momentum of the drifted body. Moreover, Ikeno et al. (2003) discussed the
impact forces of drifted timber logs due to run up of tsunami on land. From these
results, the wave force due to run-up of tsunami was determined to be larger than that
due to a non-run-up tsunami. The laboratory tests of Ikeno et al. (2001 and 2003)
investigated the impact-force of waterborne debris other than logs, but they were
performed in a narrow two-dimensional flume where the flow was restrained at the
seawall, which is not representative of actual tsunami events. The following empirical
formula was derived based on data from small-scale experiments, approximately

1:100:
2.5
F u

gm gVDL

Where S is a constant equal to 20 for bore flow; m is the mass of debris; and C,, is the
added mass coefficient with a value of 0.5 regardless of the shape of the debris, based
on impact with an impermeable wall [this was adopted from Matsutomi’s results
(1999)]. Ikeno et al. (2003) suggested that S = 5 and C,, = 0.8 for spherical-shaped
debris and C,, = 1.5 ~ 2.0 for cylindrical- and square-shaped logs. The values of C,
were suggested to be less than one as a result of the impermeable wall. [The
impermeable wall causes significant flow reflection which leads to reduced debris

impact forces.]

Haehnel and Daly (2002) investigated experimentally the maximum impact force that
floodplain structures may be exposed to by floating, wooden debris. They performed
experiments in a small flume using reduced-scale logs placed in steady flow
conditions, and prototype logs placed in a large towing basin. The authors studied the

effect of impact geometry and construction material of the structure on the magnitude
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of the debris impact force. The authors determined that the material of the structural
model had no effect on the magnitude of the maximum impact force. The debris
impact was modeled using a single-degree-of-freedom model as shown in Figure 2.25
in which m is the mass, k is the stiffness, ¢ is the damping coefficient, and u is the
velocity, while the subscripts are s is for the structure, / for the log debris, and ¢ for the

local point of impact.

Structure Debris

7
Z
7 k
;_J!\A;:'ﬂ\— =
4T
2
, r
7 () )

LA A LA AL o /2

Figure 2.25 Debris-structure impact modelled as a single-degree-of-freedom model

(Haehnel and Daly, 2002)

Haehnel and Daly (2002) assumed a rigid structure, as structure stiffness is much
higher than that for the debris. The descriptive equation for the system illustrated in

Figure 2.25 is as follows:
mix+kx=0 2.31

Where k is the effective contact stiffness (resulting from contributions of both the
structure and the debris). The variable k is challenging to calculate as it is a function of
the displacement of the structure and the impact period. x is the summation of the
compression penetration depth of the target and the debris during impact and rebound,
where the dot notation indicates the time derivative of x. Based on the linear
relationship between the penetration depth and the impact force (F = kx), the authors

provided the following equation as the solution to Eqn. 2.31:
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FI = U kml 2.32

Where F; is the maximum impact force as a function of the impact velocity multiplied
by the square root of the product of the effective contact stiffness and the debris mass.
This approach is based on a large mass and stiffness for the structure, which leads to a
relatively stiff structure. Thus, this approach produces relatively large error when
applied to light structures with shallow foundations. Note that in these experiments the
water in the towing basin was stationary; consequentially the effect of added-mass on
the structure was not considered. In an actual tsunami, the moving water that carries
the debris and, in turn, the debris impacts the structure at the same time (inertial effects

are exerted on both the water and the structure).

SEI/ASCE Standard 7-02 is based on the impulse-momentum concept, which defines
the impulse of a force acting for an infinitesimal time step, set equal to the change in

linear momentum:
I = [ Fdt =d(mu); -0 2.33

Where [ is the impulse, F' is the impact force, m is the debris mass, u is the debris

velocity, and ¢ is time.

This document provided the following equation to estimate the debris impact

force:

mmucC;CyCpCgR
F: 1 ;AtD B "“max 2.34

Where m is the debris mass, u is the impact velocity of the debris, C; is the importance
coefficient, Co is the orientation coefficient, Cp is the depth coefficient, Cp is the
blockage coefficient, R, is the maximum response ratio for impulsive load, and At is
the impact duration (recommended to be taken as 0.03s). Table 2.2 provides impact
durations recommended by FEMA 55 and CCH 2000. The proposed C coefficients
were based on non-peer-reviewed results of experimental testing and on engineering

judgment.

Review of the available formulas reflects uncertainty of the present understanding
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and quantification of the debris-impact force. Equation 2.34 contains five coefficients
with values based only on engineering judgement, which presents the major difficulty

of this quantification process.

Table 2.2 Ranges of impact duration suggested by FEMA 2005 and CCH 2000

Duration of Impact At (seconds)
Construction
FEMA 55 - 2005
Material CCH 2000
Wall Pile

Wood 0.7-1.1 0.5-1.0 1.0
Steel NA 02-04 0.5
Reinforced concrete 02-04 0.3-0.6 0.1
Concrete masonry 0.3-0.6 0.3-0.6 NA

NA — Not Applicable

Yeh (2006) used the algorithm presented by Carrier et al. (2003) to reformulate the
exact solution of the one-dimensional, nonlinear shallow-water wave theory that was
provided by Shen and Meyer (1963). The solution was based on the assumption of a
uniformly sloping beach with no lateral variation in topography of friction. Yeh
presented a formula to estimate the maximum incident bore velocity, which occurs at
the leading edge of a tsunami bore, as a function of the ground elevation at the point of

interest (z) and the maximum inundation depth (R):

Unmax = /ZgR(1 ) 2.35

Substituting u,,,, from Eqn. 2.35 as the water-borne debris velocity to estimate the
impact force would result in an overestimation of the debris impact force. Considering
that u,,,4, occurs at the bore leading edge where the water depth is very small, and the
fact that the debris requires a certain water depth to float, Peregrine and Williams
(2001) provided equations for temporal and spatial variations in flow velocity u and

depth £ for incident bore run-up onto a uniformly sloping beach. Yeh (2007) modified
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the equations by including the beach slope (0) and the elevation of the point of interest

(2):

,7:3;ﬂ(zvir—12-zgf 2.36

v = %(T — 212 +/28) 2.37
=t Y = /2 =% +i i —

Where.n—R,v—m,T—ttanﬁ R,andE—R , t is the time (= 0 when the bore

crosses the shoreline), and 6 is the beach slope.

Yeh (2007) stated that, “for a given tsunami penetration, the incident-bore formation
should yield the maximum flow velocity; gradual flooding of non-breaking tsunami
should result in slower flow velocities”. By combining Eqns. 2.36 and 2.37 and
eliminating 7 , the graph in Figure 2.26 was developed, which provides the maximum

flow velocity at a given location for a given flow depth.

1.0

0.8

0.6

0.2 0.4 0.6 0.8 1.0
E=z/R

Figure 2.26 Maximum flow velocity for a given flow depth and ground elevation (Yeh,

2007)
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FEMA P-646 recommended Eqn.2.35 and Figure 2.26 to estimate the debris impact
force. Moreover, where numerical models are used to determine the maximum flow
velocity Unq, FEMA P-646 prescribes that u,,, should be at least 80% of that
estimated from Eqn. 2.35 or Figure 2.26.

Matsutomi et al. (2008) conducted laboratory experiments to understand the behaviour
of floating bodies at the front of a surge and the basic characteristics of flow with
floating bodies. The flume was 300 mm wide, 500 mm high and 11, 000 mm long,
with glass side walls and a steel bed. The impounding gate was installed 5, 000 mm
upstream from the end of the flume. The parameters studied were: impounding water
level (220, 250, and 300 mm), length of debris (18, 54, and 108 mm), and the void
ratio e (0.4, 0.6, and 0.8). The authors used video recordings from the top and the side
of the flume to investigate the behavior of the floating bodies. The floating bodies
were square in section with a side of 18 mm. The researchers used three void ratios e;
the ratio of net flume-bed area which is not covered by floating bodies to flume-bed
area (e = 1- net area occupied by floating bodies/flume bed area where floating bodies
were arranged). Matsutomi (2009) recorded the debris weight change with time in a
sequence of 1, 3, 5, 10, 30, 60, and 90 minutes. The results demonstrated that the mass
was constant after 60 minutes. Matsutomi et al. (2009) determined that the velocity of

the debris was less than the bore velocity. The study also resulted in the following:

- The authors were able to determine the following parameters: inundation depth,
moving velocity, surge front velocity and vertical section area of the

accumulating region with the void ratio for different test cases.

- The inundation depth increased as the impounding depth increased or the void

ratio decreased.

- The surge front propagation velocity was greater than the moving velocity of the

debris in 25 of the 27 cases.

- Both the moving velocity of the debris and the surge front propagation velocity

increased as the impounding depth or the void ratio increased.
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- A model was presented to calculate the surge front velocity and moving velocity
as functions of the density of the fluid and floating bodies, stored and inundation

depths, void ratio and friction factor between the body and the flume bed.

- The authors concluded that the surge with floating bodies behaves like a bore

(flow velocity > moving velocity of the debris).

Yeom et al. (2009) analyzed the impact of a shipping container drifted by tsunami run-
up using a drift impact-coupled model. Numerical simulation was conducted using LS-
DYNA Software and the results were compared against laboratory experiments of
scale 1:75. Satisfactory agreement was observed between the full-scale numerical

simulation and the small-scale experimental data.

Hiraishi et al. (2010) conducted an experimental program to investigate the impact
force caused by timber debris on a jacket-type structure. The testing involved a pier
model with a 1.2 m diameter (scale of 1:10) and uniform flow velocity that varied from
0.6 to 1.3 m/s. The drifting timber was 10 m long and 1 m in diameter. The initial
direction of the debris was either 0° or 90°. Hiraishi et al. (2010) used the formulas
provided by Sogabe et al. (1981) to estimate the debris impact force. Figure 2.27
illustrates the experimentally measured impact force against those estimated. The
authors concluded that the impact force depended on the debris velocity and mass. The
study did not include the effect of debris orientation or the influence of bore depth on
the resulting impact force. In addition, only one size and shape of debris was used in

the experiments.
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Figure 2.27 Variation of measured and expected maximum forces (Hiraishi et al., 2010)

2.8 Tsunami Countermeasures

Coastal communities on a global scale are witnessing an increase in frequency and
magnitude of costal hazards, vulnerability, and the impact of climate change. The associated
risk from coastal hazards such as severe storms, tsunami inundation, flooding and
environmental degradation is also increasing. Therefore, a need exists to develop more
resilient coastal communities that have the capacity to withstand the impacts of hazards.
There is considerable evidence to suggest that coastal forests can reduce the force, depth and
velocity of a tsunami bore, reducing damage to property and reducing loss of life. Many
anecdotes, field surveys, and scientific studies in countries affected by the 2004 Indian
Ocean Tsunami (Indonesia, Japan, Malaysia, Maldives, Myanmar, Sri Lanka, and Thailand)
provide a connection between areas with the highest levels of damage and the absence of

coastal forests [Forbes and Broadhead 2008, and Hettiarachchi 2009)].

Therefore, it is important for coastal development planning to consider the context of
overall coastal hazards, such as tsunamis. However, there is a low probability of an extreme
tsunami event taking place (similar to that of the 2004 Indian Ocean Tsunami or 2011
Tohoku, Japan Tsunami). Countermeasures should be adopted in coastal zones susceptible
to tsunamis and/or other coastal hazards that are accompanied by high waves and high

inundation. These countermeasures can be broadly classified into two main categories:
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¢ Promoting successful evacuation from tsunamis

Countermeasures included in this category are: early warning systems, public warning

systems, and hazard and inundation maps.
e Mitigating tsunami impact

Countermeasures in this category include:
1. Construction of man-made structures for protection: breakwaters, dikes and
revetments, etc...
2. The effective utilization of natural coastal ecosystems: Coral Reefs, Sand Dunes and
Coastal Vegetation (Mangrove Forests)

3. Tsunami Resistant Buildings and Infrastructure

Based on the location of and function in protecting the coast, physical interventions

to mitigate tsunami can be classified as follows:

a) Reduce the impacts of tsunami waves prior to reaching the shoreline. (e.g. Tsunami
Breakwaters, and Coral Reefs)

b) Protect the coastal zone by preventing the inland movement of tsunami waves. (e.g.
Tsunami Dike, and Sand Dunes)

c) Mitigate the severe impacts of tsunami waves on entry to the shoreline. (e.g.

Tsunami Dikes, Revetments, and Mangrove Forests)

In this study, the function of the physical intervention stated above in (c) was
investigated with low-height structural elements (mitigation walls). The influence of the
configuration of the mitigation walls (height, inclination angle, cross-section, and location)
on the magnitude of base shear forces, base overturning moments and pressures was

investigated.

2.9 Engineering Lessons from Recent Tsunamis
Past tsunamis demonstrated that their behavior is quite different from that of other coastal
hazards such as storms. Hence, tsunami effects cannot be inferred from the effects generated

by wind waves and storm surges. Even though major tsunamis are rare events, the danger
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they pose and the associated extreme consequences dictates that structural design of

buildings in tsunami-prone regions is critical.

Following a number of recent major tsunamis that were responsible for the loss of
many lives and major infrastructure damage, engineering associations and research centers
sent teams of experts into the affected areas to evaluate the performance of infrastructure. In
addition, these teams attempted to develop new strategies for mitigating the impact of future

tsunamis.

Following the 2004 Indian Ocean Tsunami, a Japanese team of researchers from the
Research Center for Disaster Reduction Systems (RCDRS 2005) performed a
reconnaissance visit in the region of southwest Thailand, a well-known tourist destination
located approximately 500 km from the tsunami-generation area. This area has many well-
designed buildings that were constructed to high standards. The team reported that due to the
offshore bathymetry, the tsunami wave height varied between 4 and 11 m. The team
reported that permanent damage to civil infrastructure (bridges and roads) was limited to
seafront structures. However, private residences and businesses in low-lying areas were also
badly damaged. The team concluded that most of the well-designed reinforced concrete
buildings with proper foundations survived the incoming tsunami waves. The percentage of
well-designed buildings which survived the tsunami impact was greater than that of elevated
buildings which allowed water to flow underneath or through. It was also documented that,
in some places (e.g. Kata-Karon area of Phuket), where residential and commercial
structures were set back behind a sand dune, damage was limited due to the dune
dramatically reducing flow velocity. Note that the sand dunes were overtopped by the
tsunami bore. It was stated that, “damage was limited to direct flooding and did not convey
that kind of impact-related structural damage that was seen elsewhere” (RCDRS 2005). In
Patong Beach, a low-height seawall deflected the tsunami bore run up and thus reduced the
forces on seafront buildings, which suffered only minor non-structural damage (Figure

2.28).
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Low seawall

Figure 2.28 Pedestrian opening in the Patong Beach seawall (RCDRS, 2005)

Debris-structure impact was a significant factor in the observed damage. Therefore,

identifying the potential debris in a tsunami risk zone is essential.

Nistor et al. (2006) presented findings from a reconnaissance mission to Thailand
and Indonesia to investigate the effects of the 2004 Indian Ocean Tsunami on infrastructure.
Both engineered (mostly reinforced concrete) and non-engineered buildings, in which
concrete block or clay brick masonry infill walls were used as non-structural elements, were
studied. The researchers stated that structural damage resulted from either impulsive
pressure of breaking waves at the shore or the dynamic pressure inland due to the movement
of the bore. Saatcioglu et al. (2006) used the empirical formula (Eqn. 2.38) that was

developed by Goda (1985) to estimate the impulsive pressure of breaking waves:

Hy
Prmax = ”Z;T 2.38

Where y is the specific gravity of seawater (kN/m), ¢ is the wave celerity (m/s), 7 is the
impact duration (0.2 s), and H,, is the water height in meters. This formula was developed to
estimate the breaking wave pressure on coastal structures at the shoreline, hence using it for
near-shore infrastructure resulted in significant overestimates. Hiroi (1919) suggested a
simple expression to estimate the uniform dynamic pressure as a function of water specific

gravity and water height (Figure 2.29):

p = 1.5yH,, 2.39
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Figure 2.29 Dynamic breaking wave pressure assumed by Hiroi (1919)

Saatcioglu et al. (2006) compared the hydrodynamic tsunami pressure produced from
Eqn. 2.38 with the design wind pressure based on the National Building Code of Canada
(1995) for a building located in the City of Vancouver, Canada. The study demonstrated that
the tsunami pressure on the first-floor level was approximately 26 times higher than the
design wind pressure. Saatcioglu et al. (2006) investigated the performance of different
types of construction: timber-framed structures, unreinforced masonry walls, and engineered
and non-engineered reinforced concrete structures. Figure 2.30 and Figure 2.31 provide
samples of the structural damage observed in Phi Phi Island (Thailand) and Banda Aceh
(Indonesia), respectively. The displacement of entire structures and punching failure in
masonry walls illustrated the large lateral force exerted on the buildings due to the tsunami

bore while moving inland.

The researchers concluded that designing buildings for earthquake may not be
sufficient to ensure proper capacity to resist tsunami loading. Moreover, near-shore
structures should have properly anchored foundations to resist the significant uplift and
lateral forces. Despite the impossibility of assuring structural safety in the event of another
disaster of the same magnitude, practical implementation of knowledge gained from past

tsunamis could considerably reduce the loss of lives and structural damage in the future.
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Figure 2.30 Damage to non-engineered reinforced concrete buildings, Phi Phi Island,
Thailand (Saatcioglu et al., 2006): a) punching failure in masonry wall; and b)
column failure due to debris impact

(a) (b)

Figure 2.31 Destruction of residential community of timber structures in Banda Aceh,
Indonesia (Saatcioglu et al., 2006)

Expensive and costly efforts are in progress in Japan to secure protection from
tsunamis for coastal communities and populations living near the sea. These measures
include building suitable structures; using disaster prevention training; and having well-
designed, tested tsunami warning systems. Seawalls are another method that has been tested
and proven doubtful due to its inability to protect. More than 185 people died on Okushiri
Island due to a 1993 tsunami, despite the presence of 4.5 m-high seawall that was erected to
shield the Aonae Peninsula. There is debate to the efficiency of such a wall given the cost to

build and the obstructed view of the sea. Currently, several countries around the Indian
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Ocean are deciding whether to allow reconstruction on the coast, which structures to rebuild
and relocate, and how to rebuild to minimize human and material losses during future

tsunamis.

In summary, tsunami behaviour is quite distinct from other coastal hazards such as
storm waves. Previous tsunamis have shown that the reasons leading to structural failures of
near-shore buildings can be categorized into three groups: 1) loading due to hydrodynamic
forces, 2) loading due to the impact force induced by water-born objects, and 3) foundation
undermining due to scour and foundation failure. Tsunami-induced structural failure due to
foundation damage is out of the scope of this current study. Therefore, the effects of tsunami

on structural foundations such as scouring and erosion will not be discussed.

2.10 Discussion

Many historical natural disasters have been associated with tsunamis impacting coastal
communities. The result has been the loss of hundreds of thousands of lives and massive
economic consequences. The last decade witnessed four major tsunamis out of which two
held the record of the most deadly and costly natural disaster in human history, respectively.
Canada, the country having the world’s longest coastline, is vulnerable to tsunamis that may
be triggered in any of the three surrounding oceans. The Canadian Assessment of Natural
Hazard Report of 2010 (Etkin, 2010) reported that the Cascadia subduction fault along the
western seaboard of British Columbia is considered to be the largest tsunami hazard to
Canada’s coastal communities. Past tsunamis that occurred in Canada were generated due
to different triggers: earthquakes, landslides, and massive ammunition explosions. Although
some of the past tsunamis generated by landslides or explosions were limited and generated,
though extreme, only local effects, they were responsible for the loss of lives and resulted in
significant economic consequences. Canada is one of the countries that participate in the
Pacific Tsunami Warning System. The 2011 Japan Tsunami demonstrated that a long
warning time is not always available between the tsunami generation and the actual tsunami
inundation. This is particularly true for near-shore generated tsunamis such as near-shore
subduction earthquake-induced tsunamis.

Tsunami has the appearance of a series of waves most often triggered by a submarine

earthquake. Tsunami waves move very fast in deep water with negligible loss of energy.
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Depending on the near-shore bathymetry, tsunami waves may either flood the shoreline in
the form of a rapidly rising tide or break off-shore and flood the shoreline in the form of a
rapidly advancing hydraulic bore. Past tsunami events illustrated that the induced bore is
characterised by high turbulence and high velocity, in addition to carrying floating debris.
Therefore, using wave force formulae to estimate tsunami-induced forces on near-shore
structures is inaccurate. Reconnaissance visits to regions affected by tsunamis illustrated that
different forces with very high magnitude and at different bore propagation stages were

exerted on near-shore structures.

This survey of the existing literature highlighted that tsunami-induced coastal inland
flooding is a complex process marred by significant uncertainty. Different formulas
proposed by several researchers were suggested to estimate the tsunami bore velocity
[Murty 1977, Kirkoz 1983, Matsutomi 1999, Tsutsumi et al. 2000, lizuka and Matsutomi
2000, Shuto et al. 2007], the bore-induced forces [ Asakura et al. 2000, lizuka and Matsutomi
2000, Ikeno et al. 2001, Yeh 2006, and Fujima et al. 2009], and the debris impact force
[Sogabe et al. 1981, Matsutomi 1999, Ikeno et al. 2001, and Haehnel and Daly 2002]. The
variations of the results using the proposed formulas leads to two findings: the complexity
and difficulty of using results of laboratory model tests to suggest accurate formulas for real
scale loading; and the lack of correct estimations of tsunami-induced loads on near-shore
structures. Noteworthy is that the vertical and the horizontal distribution of the bore pressure
around a structure during tsunami inundation are not fully understood. Moreover, the impact
force caused by waterborne debris is found to be one of the main factors leading to
significant damage or progressive collapse failure of near-shore infrastructure. This force is
not well-understood as the magnitude depends on many parameters (e.g. mass, size or shape,
velocity, etc. of the debris in addition to the bore characteristics). Past tsunamis
demonstrated that the vast majority of non-engineered infrastructures were incapable of
sustaining significant tsunami inundation due to the extreme hydrodynamic and impact
forces. However, some structures survived the tsunami inundation due to the presence of a

tsunami wall located seaward of those structures.

Very few studies are directly related to the problem of tsunami-induced forces on
near-shore structures. In the present study, structural models of different cross-sectional

shape were impacted with experimentally simulated tsunami bores. The bores were
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generated from three impounding water levels, whose release in the form of a dam break

wave similar to the tsunami-induced bores resulted in three inundation depths at the location

of the structures. Furthermore, in this experimental study, the probability of debris

orientation on impact was investigated both qualitatively and quantitatively. Review of

previous work reveals uncertainty of the present understanding of debris impact forces. The

literature review brought to light the fact that each approach has a parameter that is

challenging to estimate accurately.

In conclusion, the literature review has highlighted the following deficiencies:

Tsunami-induced bores can flood wide swaths of coastal regions and exert

extreme hydrodynamic and debris impact forces on near-shore infrastructure.

Critical infrastructure, including buildings designated as tsunami shelters (for
general near-source tsunami and for the cases when horizontal evacuation is not
an option), located in tsunami hazard regions need to be designed to withstand

tsunami-induced forces.

There is no one specific formula that can be used to compute each type of

tsunami load with reasonable accuracy.

Some structures survived tsunami inundation due to the existence of a natural
obstacle (dune, coastal forest, and mangroves) or man-made structures located in

the space between the structures and the shoreline.

There is a need for detailed research aimed at better understanding the tsunami-
structure interaction by quantifying the pressure distribution, forces, and

overturning moments imposed on structures.

Tsunami-induced bores transport floating debris which causes significant damage
to near-shore infrastructure: to date, no specific formula providing a reasonable

estimate 1s available.

The relationship between bore characteristics (depth and velocity) and magnitude

of the induced forces on structures is not well understood.
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CHAPTER

EVIEW OF TSUNAMI
LOADING

3.1 Introduction

Life safety through properly designed infrastructure is the main priority of the engineering
design community. Safety can be achieved by taking into account, in the design process, all
probable load types and combinations that a structure must sustain during its service life.
This requires an understanding of the loads imposed on near-shore structures during tsunami
events. Tsunami is a rare event and only few design documents are currently available,

offering limited guidance for design engineers.

The focus of this chapter is to collate and present relevant information available in
engineering design documents for estimating the design-tsunami loads for building
structures located in areas prone to tsunami, taking into consideration that infrastructure
safety could be achieved through a combination of policy and design. Policies cover areas of
strategy, planning, warning and other associated measures. These are out of the scope of this
study and thus will not be discussed herein. This chapter presents a brief description of the
evolution of research related to tsunami-induced forces on near-shore structures, followed
by a discussion of tsunami loads presented in recent engineering design documents. Finally,
tsunami load components, formulas to estimate the individual forces, and tsunami load

combinations applicable in the structural design process of near-shore buildings will be
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presented. This chapter ends with a critical discussion of previous research and currently

available engineering guidelines.

3.2 Tsunami-Induced Forces on Near-shore Structures

The earliest study on tsunami loading was completed by Cumberbatch (1960). The
researcher investigated mathematically the impact of a two-dimensional water wedge on a
wall. In the study, the effect of the gravity forces was neglected as the impact occurs over a
very short time interval. Cumberbatch considered the impact of irrotational flow and
formulated the problem in terms of a velocity potential which satisfies Laplace’s equation
for any time t > 0, satisfying the Bernoulli equation at any point. Far from the wall, the
flow must approach the initial wedge condition of uniform flow and must satisfy free
surface dynamic and kinematic boundary conditions. Cumberbatch introduced two solutions
that are valid over a large distance from and near to the wall. Then these two solutions were

matched to provide a complete solution to the problem.

Fukui et al. (1963) carried out an experimental investigation on the behavior of
tsunami-bores and the forces induced by tsunamis on dikes. The authors used two different

water tanks, one large and one small in sizes to study scale effects.

Cross (1967) considered Cumberbatch’s solution for the initial water wedge shape,
which resulted in two simultaneous ordinary first-order differential equations. The numerical

integration of those equations over the wall generates the force per unit width as follows:

LTI f(fwcp{1—%}d,1 3.1

pu?h  tand

Where 0 is the angle of the water surface as the surge advances toward the wall, 4 is a
similarity variable to solve the problem independently of time. To calculate the total force in
a dimensionless form, Cross integrated the pressure along the wall for one side of the wedge

from A=0 to A=4,,,.

Cross defined the right side of the above equation as Cr, force coefficient, a term

which is used to evaluate the tsunami surge-induced force:

Fy
Cr = uen 3.2
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As Eqn. 3.1 suggests, Cr is a function of the angle of water surface 6. The total force

generated by the momentum and hydrodynamic pressure in the case of steady flow is:
F = 0.5 ph? + pu®h 3.3

Exchanging the second term with that from Eqn. 3.2 to determine the force resulting

from the flow approaching a wall, as opposed to steady flow, one obtains:

F = 0.5 ph? + Cgpu®h 3.4

Cross (1967) used Cumberbatch’s work to evaluate the force coefficient Cr and
found that when the surge is flat, Cx =1.0, and when 6§ = 50° - 72°, Cr can be calculated from

the following formula:
Cr = (tan 0)1? + 1 3.5

Cross (1967) developed an expression to describe the surge front in which it was
assumed that hydraulic, frictional, inertia and gravitational forces shape the surge tip.
Cross’s assumptions included a uniform horizontal flow velocity throughout the tip region
and that both the velocity and acceleration of the bore front are known in advance. Cross’s

expression for the bore-tip shape advancing on dry-bed is as follows:

H u? C?b
x=2———mn{1+7h] 3.6

Where x is the distance from the beginning of the bore tip, u is the bore velocity, H is the

bore height, C is Chezy resistance coefficient, b = éi—? — §,and S is the bed slope. For a

horizontal bed (zero slope) with the assumption of a constant bore velocity, the previous

formula can be rewritten in the following form:
h==-2x 3.7

Ramsden (1990) measured experimentally the forces induced by broken solitary

waves on a vertical wall. The incident bore depth was varied from 24 to 49 mm and the
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celerity from 750 to 1260 mm/s. During the reflection of bores and steep solitary waves at
the wall, strong vertical accelerations caused the maximum force to occur before and after
the maximum run-up for steep solitary waves and bores, respectively. The researcher noted
that the maximum force varied from five to seven times the hydrostatic force, and that this

maximum force occurred after the maximum run-up was observed.

Asakura et al. (2002), Ikeno et al. (2001), lizuka and Matsutomi (2000), Ohmori et
al. (2000), Yeh (2006), Fujima et al. (2009), and Nakano (2010) investigated tsunami-
induced forces on structures and their proposed approaches were previously described in

Chapter 2, Section 2.6.

3.3 Tsunami Loads in Current Engineering Codes

The purpose of a construction design code is to establish the minimum acceptable
requirements necessary for protecting public health, safety, and welfare in the built
environment. However, this is not necessarily the case for tsunami impact. The following
section is a brief description of the most well-known construction codes and engineering
design guidelines that provide some instructions pertaining to tsunami loads. A comparison

between the available formulas will be presented and discussed in Chapter 7 (Section 7.2).

3.3.1 The City and County of Honolulu Building Code (CCH) (2000)
The City and County of Honolulu Building Code (CCH 2000) Article 11 provides
regulations for flood hazard districts. Flood-proofing and structural requirements are
provided for coastal flood water design including the effects of tsunamis. This document
includes guidance on force components that should be considered in the design of structures,
which are based on the work of Dames and Moore (1981) and is assumed to be applicable to
tsunami waves. The magnitude of bore velocity is assumed to be equal in magnitude to the
bore depth, and scour around foundations is determined from the distance from the shoreline
and the soil type at the location of the structure. Offered in this code are formulae to
estimate forces affecting building via coastal flooding. These forces include buoyant, surge,
drag, and hydrostatic forces, as well as the impact force produced by waterborne debris.
CCH (2000) provides formulas similar to those cited in the previous section for the

hydrostatic force, buoyant force, hydrodynamic force, surge force, and impact force. CCH

67



(2000) assumes that the debris velocity before impact is U, and it drops to zero after impact

(during a very short time). Therefore, the following approximation was used:

F =22 3.8

3.3.2 American Society of Civil Engineers Standard ASCE/SEI 24-05 (2005)

The American Society of Civil Engineers/Structural Engineering Institute Standard 24-05
(ASCE/SEI 24-05) Flood Resistant Design and Construction Standard provides minimum
requirements for flood-resistant design and construction of structures located in flood hazard
areas. Flood hazard topics include: basic requirements, high risk areas, coastal high areas,
and coastal zones. This standard complies with the US Federal Emergency Management
Agency (FEMA) and the National Flood Insurance Program (NFIP) flood plain management
requirements. This standard was also referenced by the International Building Code (2006).
ASCE 24-05 refers to ASCE7-05 for flood loads including hydrostatic, hydrodynamic, wave

loads, debris impact loads, and load combination.

3.3.3 Federal Emergency Management Agency FEMA P-55 (2011)

The Federal Emergency Management Agency (FEMA) issued the fourth edition of the
Coastal Construction Manual known as FEMA P-55 (2011). This manual contains
instructions to design and construct structures located in coastal regions which are under the
threat of damage due to a natural disaster (e.g. hurricane, earthquake, flood, etc.). Chapter 8
includes formulations related to site-specific loads, including: snow, floods, tsunamis, wind,
tornados, and earthquakes, in addition to load combinations. The flood loads include
estimates for flood depth, wave setup, wave height, flood velocity, hydrostatic loads,
breaking-wave loads on piles and walls, and debris impact loads. FEMA P-55 treats tsunami
as an extreme flood event with high flow velocity based on the study of Dames and Moore
(1981). This document suggests that tsunami loads can be calculated similarly to other flood
loads as the physical processes are similar but the scale is different. Based on the study of
Tsunami Engineering by Camfield (1980), FEMA P-55 states that tsunami propagates inland
in one of two forms: as a rapidly rising tide or a bore-like broken wave. The buoyant and

hydrostatic forces resulting from the first form are the main cause of structural damage to
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buildings, while the hydrodynamic forces are largely responsible for damage resulting by the

latter form.

3.3.4 Structural Design Method of Buildings for Tsunami Resistance (SMBTR)
(2005)

In 2000, the Building Technology Research Institute - The Building Center of Japan issued
engineering guidelines for tsunami loads and structural design of tsunami refuge buildings.
A structural design method was proposed for tsunami refuge structures based on literature
survey of experimental studies of tsunami loads on coastal structures (Asakura et al. 2000,
Ohmori et al. 2000, lizuka and Matsutomi 2000, and Ikeno et al. 2001). This document
includes formulations for loads applied to near-shore structures resulting from tsunamis. The
maximum tsunami force is based on a hydrostatic pressure distribution extending vertically
to 3h, where & is the water depth at the structure measured from the base of the structure.
The corresponding pressure at the base of the wall is set equal to 3pgh. The resulting base
shear force is effectively 9 times the equivalent hydrostatic force for the same water depth.
SMBTR also provides guidance on the effect of buoyancy and load combinations with other

types of forces.

In 2005, the method was revised with minor changes, which were published as the
Structural Design Method of Buildings for Tsunami Resistance (SMBTR). The method was
verified by applying it to a few buildings that were damaged during the 2004 Indian Ocean

Tsunami. The following equation was proposed to calculate the tsunami wave pressure:
q; = gp(3n — z) 39

Where q, is the tsunami wave pressure in the direction of flow (kN/m?), z is the height of
the relevant portion from ground level (0 < z < 3h) in meters. Figure 3.1 illustrates the

tsunami pressure estimated from Eqn. 3.9.
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Figure 3.1 Tsunami wave pressure in the flow direction (SMBTR, 2005)

SMBTR (2005) calculates the tsunami wave force on structures by integration of the

previous formula as follows:

1
Q. = 59pB{(612; — 2z7) — (6121 — z{)} 3.10
Where Q, is the tsunami wave force in the direction of flow (kN), B is the width of the
structural element (m), z; is the minimum height of the pressure-exposed surface (0 <
71 < 7zp) inm, and z, is the maximum height of pressure-exposed surface (z; < z, < 3h)

in m as shown in Figure 3.2

SMBTR (2005) suggests that the tsunami wave force can be reduced based on the
presence of obstacles surrounding the structure. Furthermore, the buoyant force is

determined from Eqn. 3.20.

Design
inundation
depth

==
>

Figure 3.2 Tsunami wave force in the flow direction (SMBTR, 2005)
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3.3.5 Federal Emergency Management Agency FEMA P-646 (2012)

The Federal Emergency Management Agency (FEMA) published the second edition of the
Guidelines for Design of Structures for Vertical Evacuation from Tsunamis, known as
FEMA P-646 (2012). This document represents the state-of-the-art engineering document
that provides provisions to calculate tsunami loads on structures. The objective of FEMA P-
646 was to develop guidance to design a structure to be earthquake and tsunami-resistant.
Chapter 6 contains prescriptions for estimating tsunami-induced force components and for

structural design criteria.

There are a number of force components that results from tsunamis; these include the

following:

* Hydrostatic forces developing from standing or slowly-moving flow around the
structure;

* Buoyant forces caused by the displaced volume of water;

* Hydrodynamic forces surfacing from moderate-to-high-velocity water flow around
the structure;

* Impulsive forces arising from the leading edge of the water surge as it hits the
structure;

» Debris impact forces caused by floating debris; and

* Damming of waterborne debris due to the accumulation of debris on the upstream

side of the structure; this results in additional drag forces.

Taken into consideration with these forces is an uplift force applied on the raised floors of a

structure that is submerged.

The following formula is suggested by FEMA-P646 to estimate the hydrodynamic
force. The force is a function of the fluid density, flow velocity, and structure geometry.
This force results from the pressure generated by the moving water mass and the drag
generated by the water flow around the structure and/or its components. These equations
were used to calculate the hydrodynamic forces induced on the structural models in this

experimental study and were compared with those experimentally measured:

Fy = 0.5p5C4B (hu?) max 3.11
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(M) max = gR?{0.125 - 0.2352 + 0.11(5)?

FEMA P-646 recommends setting the density of the fluid p; = 1100 kg/m3 to
account for the presence of sediment and small debris. C; is the drag coefficient which
depends on the shape, orientation, and size of the structure, and FEMA P-646 recommends a
conservative value of 2.0; B is the breadth of the structure in the plane normal to the flow
direction; hu? is the momentum flux per unit mass per unit width; g is the gravitational
acceleration; R is the design run-up elevation (taken as 1.3 times the maximum run-up from
the tsunami hazard map or from numerical simulation of tsunami propagation), and z is the

ground elevation at the location of the structure.

3.3.6 American Society of Civil Engineers Standard ASCE/SEI 7-10 (2010)

The American Society of Civil Engineers Standard ASCE 7-10 Minimum Design Loads for
Buildings and Other Structures provides general requirements for structural design,
including forces arising from floods and waves on specific types of structural elements. The
standard also covers important definitions that relate to flood areas or coastal high-hazard
areas associated with tides, storm surges, riverine flooding, seiches or tsunamis. Chapter 5 of
ASCE 7-10 contains formulas to calculate wave loads and breaking wave loads on piles and
walls. The formulas simply convert hydrodynamic loads into equivalent hydrostatic forces,
provided the flow velocity does not exceed 3.05 m/s; otherwise, basic concepts of fluid
dynamics are re